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1. Introduction

1.1 Objective

Contaminationmay be simply defined as any foreigatter.

In

general, contamination is

grouped into two broad categories labeterlecularandparticulate Molecular contamination refers
to the cumulative buildup of individuaholecules of foreigmmatter.
contamination is the familiar odor of plastics or the “new car smell”. These are indications of volatile
molecules being generated by orgamiaterials. Molecular contaminatiomay occuiduring ground
processing, but is usually of more concern on orbQ(Elspecially). Particulate contamination refers

to the deposition ofisible, (um sized), conglomerations of matteBurfaceshat become dusty and
eyeglasseghat requireperiodic wiping are an indication of the presence of particles in the
atmosphere. These particles, which are deposited nthirityg ground operations, will falfom the

air onto exposed surfaces.

An example of molecular

Effective contamination control is essential filwe success of most aerospgmegramsbecause
the presence of contaminatioayen in miniscule quantitiessan degrade the performance of

spacecraft hardware.

The presence of contaminatiorthermal control surfaces will alter

absorptance/emittance ratiaad change thermbhlance, while contamination on solar arrays will
decrease power output. Contamination in optical instruments will decrease signal throughput and can
scatter the signdleyondthe diffraction design, thus further decreasing performance. The end result
of contamination may be intuitivelybvious. What is notobvious, however, is how one: a) quantifies

the criticallevel of contaminationand b)enforces contamination control to ensure compliance with
requirements. Consequently, thigiective ofthis document is two-fold.First, to furnishspacecraft
systemengineersand payload providers with a means of quantifyifig contamination cleanliness
levels required for proper performancetioéir equipmentand second, to providsight into what
proceduresand processes will have to raintained during fabricatiomssemblyjntegration, test,

launch and operation in order to maintain those levels on orbit.

As illustrated in Figure 1-1, contamination control for a space program is an itquedtess
that flows from the mission objective directly into design and operations.

MISSION OBJECTIVE

DATA
CHARACTERISTICS

MISSION
ANALYSIS

'

v

| REQUIREMENTS FLOWDOWN |

v

Y

PAYLOAD
DESIGN

SPACECRAFT | |

DESIGN —

L

L

POINT SOURCE
TRANSMITTANCE (PST)
BIDIRECTIONAL REFLECTANCE
DISTRIBUTION FUNCTION (BRDF)

VENT LOCATIONS
ACCESSIBILITY
PURGE LINES
COVERS

CONTAMINATION REQUIREMENTS I—

N

N

MANUFACTURING
PARTS
MATERIALS
PROCESSES
FACILITIES

INTEGRATION

HANDLING
BAG/PURGE
SENSOR ORIENTATION

TEST
DEPRESSURIZATION
REPRESSURIZATION

INSPECTION
CLEANING

LAUNCH

SENSOR ORIENTATION
PURGE
COVERS

OPERATIONS

ON ORBIT BAKEOUT
SUN AVOIDANCE
FOCAL PLANE WARMUP

Figure 1-1. Contamination control and its relation to spacecraft design.
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Most spacecraft flying remote sensimgtrumentation arexceptionally sensitive to contamination.
A missionobjectivethatinvolvesgathering remote sensing datauld first definethe type of optical
data that isneeded in terms of th&aveband of intereskignal strength, resolutiorand related
parameters. The constraints tifase values place dhe design of payload will be traded as a
function of other mission parameters such as orbital altitude, inclination, eccentricity, relation to
other satellites in the constellation (if applicablend so on.Once a suitable optimurhasbeen
achieved, thesystem levetradesflow down requirements onto the design of thayloadand the
spacecraft. Once a point design is develoghd, desigmmargin betweenrequirements and
capabilities help determine the contamination requirements qfaylead,thermal controkurfaces,
andsolar arrays. These contamination limitatidinen place requirements oghoices ofmaterials,
vent paths, location of propulsicsystemthrusters, integration antést plans, orbital operations
plans, power consumption profiles, duty cycles, payload temperaaaesp on. limay be necessary
to iterate the design of thgayloadand subsystems several timesdrder to obtain a desigihat can
be implemented economically.

This document is designed to providgsight into the contamination contrplocessthrough
descriptions of thdasic physics governintipe various contaminatigorocesses, illustrations of the
stepsthat must be taken tprevent contamination from becoming a problemg thenclusion of
realistic examples from past programs. Temmsl nomenclature areeviewed inthis chapter,

contamination is examined|in Cha%t%arzd particulate contamination éxamined in
m. The fourth chapter, Contamination Cantrol, examines the vargthsdologies and
procedureshatmay beequired to enforce cleanliness levelhe fifth and final chapteprovides a
of applicable documents for those readers desiring more in depth knowledge on a

particular subject. In total,the document is intended poovide a comprehensiveiew of
contamination control and its importance to aerospace programs.

1.2 Nomenclature

1.2.1 Symbols

A = area (M); SO = surface obscuration
absorbed energy (W) t =time (s)

C = normalization cortant T = temperature (K)

d = diameter (m) U = binding energy (W)

DF = degradation factor V = volume (m)

E = energy (W) VF = view factor

f = frequency function X = contaminant thicknessuf);

F = radiative view factor (1) particle size |{m)

| = incident energy (W); X = particle size|{m)
spectral response (A/W)

L = length (m); o = absorptance
radiance (W rif si™Y) B =angle (deg.)

m = mass (kg) € = emittance

M = exitance (W ) @ = angle (deg.)

n = surface density of particles (fh y = sticking coefficient

N = surface density of particlesx (m™); A = wavelength|{m)
air class 8 = number of molecular monolayers;

p = air flow parameter angle (deg.)

P = pressure (N ) p = reflectance;

q = heat flux (W) density (g cri?)

Q = heat flux (W) o = Boltzmann’s constant

r = radius (m) T = transmittance;

R = gas constant (kcal/mole); residence time (s)
reflected energy (W) w = solid angle (st

S = solar flux (W n?)

1-2
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1.2.2 Subscripts/Superscripts

a = activation s = solar
c = contamination n = normal

1.3 Definitions

1.3.1 Preferred Units of Measure

Microgram (1g)  10° gram = 3.5 x 18 ounce.
One microgram per square centimeter is approximately one milligram per
square foot or 1.4 x T0pound per square inch.

Micrometer im)  10° meter = 1 cm = 3.94 x 18 in. = 0.0394 mils.
Milligram (mg)  10° gram = 3.5 x 18 ounce.

Nanogram (ng)  18gram = 3.5 x 10" ounce.

1.3.2 Alternative Units of Measure

Angstrom (A) 10" meter = 1F cm = 10* u = 3.94 x 10 in. = 3.94 x 10 mils.
A water molecule is approximately 3 A in diameter. A film of water 100 A
thick provides a film of one microgram per square centimeted is
approximately 33 molecular layers thick.

Micron (um)  10° meter. An older term for micrometer.

1.3.3 Terms

Air Quality
Air quality classifications, as defined ly FED-STD-2DSffe specified bythe maximum
allowable number of particlgser cubic foot,(or cubicmeter), ofair. The name of thelass in
English units, (the usuabnvention in the U.S.), is taken from the maximaltowable number
of particles, 0.5um and larger, pecubic foot.Class 350,00Quir is typically referred to as a
“good housekeepingrea” and issuitable for mosintegration ancassembly operationsClass
100,000~ Class 1,00uir isreferred to as a “cleanroonahd is requiredor installation ofmost
space systerhardware. Within the cleanroomJaminarflow bench may provid€lass 100air
which is required for operations involvitige exposure of sensitive optical surfaces. IuSts,
the name is taken from the logarithbaselO, of the maximunallowable number of particles,

0.5um and larger, petubic meter. Class M5.5is equivalent taClass 10,000and so on.(For
more information op FED-STD-209E, see section 3.3.1.)

|Bidrectional Reflectance Distribution Function (BR[I)F)
The ratio of reflected radiance off a scattering surface to the incident irradlBR&# may be a

function of the angle of incidence, angle of reflection, irradiaaoé,wavelength. (For more
information on BRDF, see section 3.2.3.)

Cleanliness Level
An established maximurallowable amount of contamination in a givare orvolume or on a

component. See algar Quality andSurface Cleanlinesls.
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Clean Work Station
A limited areaover which morestringent cleanlinestevels are maintained within a larger
cleanroom, e.gClass 10daminar flow clean benches withinCdass 100,00@leanroom.

Cleanroom
A cleanroom is an enclosatleaemploying control ovethe particle andgnolecular matter in the
air in addition to controls on temperature, humidity, and pressure, aanroom may
be described a€lass 100,000Class 10,000 etc., in accordance with FED-STD-2Q9E. In
addition toair cleanliness, the cleanroom class afedines desigrand operatingequirements
(air filtration, air flow rates, etc.) awell asthe maximumnallowable contamination ithe air.

General guidelineand operational constraints for cleanroor® contained in AiForceT.O.
00-25-203.

Collected Volatile Condensable Material (CVCM)
The quantity obutgassednatter from a test speciméimat condenses on a collectoraintained
at a specific constant temperature for a specified time. CVCM is expressed as a percentage of the
initial specimen mass and is calculated from the condensate mass determined fiifferémee
in mass of theollector platebeforeandafter the test. The test conditions of ASTM E 595, or
E 1559,may be used to determine CVCM. (Faformation o or ASTM
, See sections 2.3.1.1.1 or 2.3.1.1.2, respectively.)

Contaminant
A specific type of contamination.

Contamination
Any foreignmaterial. More explicitly, undesired foreigmaterial (particles or molecular films)
lying on the surface of a solid material or incorporated in a gas or liquid. On orbitahialso
include patrticles floating within the field of view of a sensor.

Contamination Control
Any organized action to control the level of contamination.

Contamination Control Board (CCB)
Organizedbody of individuals charged with enforcing contamination control for a given
program. The board issually chaired byhe lead contamination control engineexd contains
representatives from: design, materialp&®cessesnanufacturing, test, quality assurance, and
others as deemed necessary.

Controlled Work Area
A manufacturingassembly, or testreafor which controlsand proceduregre implementethat
result in the control of contamination when proper procedares incorporated. Airborne
hydrocarbon, temperature, humidity, and particle distribution are contréledd housekeeping
practice and selected cleanroom controlnd proceduresare imposed, but full cleanroom
requirements may not be met.

Conventional Industrial Area
An area where contamination is not controlled.

Demonstrated Equivalence
The condition where a method of measurentespassed a series of tests to shbet it gives
equivalent results to those of a standard measurement.

1-4
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Fiber
A particle whose length-to-width ratio is in excess of 10:1, with a minimum length qfr@00

Generally Clean (GC)
Freedom from manufacturing residult, oil, grease, debris or other extraneous contamination.
This level can be achieved by washing, wiping, vacuuming, brushing, or rinsinglevélishall
not be designated for hardware that is sensitive to contamination.

Good Housekeeping Area
An enclosedareaused for detail fabricatiomnd operations where parts can bebsequently
cleaned. The following criteria are used:

1) Enclosed area with cleanable floors and walls.

2) Operations with generR are prohibited.

3) Particles are naillowed to accumulate to visible levels; temperature particlecount are
controlled.

4) Limited shop operations (rfeeavymachining, grinding, welding, degreasim@sing, paint
spraying, etc.).

5) Limited access to personrehd equipment. Training irtleanliness required for personnel.
No smoking or eating.

6) Class 350,00@ir or better.

Gross Cleaning
General cleaning toemovecontaminants such aseld scaleheat treat scale, corrosion, oils,
grease, shop filmanddeposits. The cleanlinebsvel achieved by grosgeaning normallydoes
not require inspection othéhanvisual. Gross cleaning is considersarmal shop practice and
is defined by applicable Process Specifications.

HEPA Filter
High efficiency particleair (HEPA) filter used in cleanrooms, clean benclaes] in otheplaces
wherelow airborne particle counts are require@ometimes referred to as a "99.97% filter"
because it removes 99.97% or more of the particlegrf.8r larger.

Laminar Flow
Flow in which the clearair moves in definedtreamlines from inlet to outlet withoetldies or
areas of turbulence which would carry contamination upstream

Molecular Contamination
Undesired foreign film matter without definite dimensionThis includes corrosive and
noncorrosive films resulting from oil, greases, chemical residues, fingerprintsrithzicuum
applications, chemical actiaandincompatible materials. Such films often arise froprecess
called outgassing. Molecular contamination films sametimes form into droplets teads
which can be better treated as particles.

Nonvolatile Residue (NVR)
Soluble material remaining aftecontrolled evaporation of a volatile liquid or determined by
special purpose analytical instruments, usually measured in milligramspelume, or per

unit areafor surmapplies to residue from ground operatathsy than ororbit
outgassing. (S C, section 2.2.1, for more information.)
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Particle
Matter with observabldength, width, andhickness usually measured ym. Thisincludes
fibers.

Particle Size
The apparent maximum linear dimension or diameter of the particle.

Particulate Contamination
Undesired foreign material of miniature size with observable length, width, and thickness.

Percent Area Coverage
An alternative method of specifying particle levels on a surface, found by dividengotal
surface area of all particles on a surface by the area of the clean surface.

Purge
To flow gas through aystem, (e.g., Ane, pipe, or tube)for the purpose of removing a residual

fluid, (a gas or liquid), or to provide a positiflew of gas from some opening the system to
prevent the entry of contamination.

Precision Cleaning
Cleaning of hardware surfaces to meapacific surface cleanliness level. Precisitganing is
accomplished by ultrasonic cleaning andéotvent flush, by solvent wipe, or by vacuuming
and/or nitrogen purge or other methods currently in development, in a consnaéed Precision
cleaned articles shall be packaged, protected, or shall be kept in an appropriate clean area after
cleaning.

Sensitive Surface (also, Critical Surface)
A surface of an item or structure whose contaminaieyond agiven degree will degrade end of
life performance to less than that specified for the mission.

Significant Surface
Any surface of antem or product which is required to meet established cleanliesss
requirements.

Solvent Flushing
A method of cleaning surfaces with a stream of filtered solwedér pressure, directed against a
surface to dislodge and flush away contamination.

Surface Cleanliness
Surface cleanliness may be usefully specified by MIL-9PB6C. Particulate contamination
levelsare categorized by sizand count per squaréoot of significant surfacearea. Particulate
levels are specified by the sizetlé largest particle, ipm, per squaréoot of significant surface
area. That issurface level 100 impliehat there is anost one 10@um particle per squar®ot
of surfacearea. Molecular contaminatidavels are specified inmilligrams per squaréoot of
significant surface. The molecular contaminatiesel may be converted toontamination
thickness if thedensity of contaminants is known. (A density of gmam percubic centimeter
may be assumed for most non-volatile residue, molecolaraminants.) Cleanlinessvel 100
refers just to particles, cleanliness level A refers just to molecular, while cleanliness level 100A
refers to both. (For more information|[on molecular cleanlingss, sectio®.2.1. For more
information op particle cleanlingss, see section 3.2.1.)

Surface Defect
Voids or undesired foreign material incorporated into the surface of ansat&tial in thecourse
of production operations.
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Total Mass Loss (TML)
Total amount of materiahat isoutgassed from a specimémat is maintained at apecified
constant temperaturand operatingressure for a specifidtme. TML is calculated from the
mass of the specimen as measured before and after the test and is expressed as a percentage of the

initial specimen mass. The test conditiepgcified by ASTM E 595 may be used to determine
TML. (For more information opn ASTM E 595, see section 2.3.1.1.1.)
ULPA Filter

Ultrahigh efficiency particle air (ULPA) filter used in areas requiring the most stringent controls.
It removes 99.9995% of the particles O or larger.

Visibly Clean (VC)
The absence o#ll particle and wlecular contamination whewiewed by anormal unaided,
(except corrected vision), eye. VC levels are quantified by NASA-SN-C-0005, (Eection #.2.3.1.)

Volatile Condensable Material (VCM)
The outgassednatter from a materighat may condense on a collector, usually one at a lower
temperature. See alsmllected volatile condensable material
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2. Quantifying Molecular Contamination Level Requirements

2.1 Effects of Molecular Films

Consider a ray olight that is incidenupon a surfac¢hat isdesigned to be partially reflective
and partially transmissive, Figure 2-1. Conservation of energy regthiegsthetotal of theenergy
that isreflected back to spacR, absorbed byhe surfaceA, and transmitted through tiserface,T,
be equal to the incident enerdy,In terms of the normalized energies, this is

p+a+1 =1, Equation 2-1

wherep = R/l is the reflectancey = A/l is the absorptance, and T/I is the transmittanceBecause

of the fundamental nature of materias,a, andt will be functions of the angle of incidence,
polarization, andvavelength of the incident energy. In general, absorptarege beinferred from
experimentally determined values of reflectaraned transmittance drom properties of bulk
materials. Surfaces serving asrrors or thermal radiators angsually made of materialthat
maximize reflectancand minimize transmittanceBaffles in opticaland thermasystemsrequire
materials which absorb, or reflect, withrénimum of scattering. Othesurfaces, such as solar array
coverslides (broad band) or optical waveband filters (narrow banmd), designed to maximize
transmittance and minimizeeflectance. As shown by Equation 2-1, the absorptance of a clean
surface satisfies the relation

a(A)=1-p(A\)-Tt(A). Equation 2-2

As will be seen shortly, in many problems of interest a surface is often designed so tha{ditver
T(A) is effectively zero.

Region | Region Il Region Il

- X L

Figure 2-1. Incident (1), reflected (R), absorbed (A), and transmitted (T) energy.
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In general, the energy drop over a region of thickdeds given by
Al ()\,O) = ()\ ,Ax)— I ()\ ,0), Equation 2-3

wherel(A,AX) is defined as thenergy flux of wavelengtiA reaching deptiAx. The amount of
absorption can bexpected to be directly proportional tite thickness of the regiofx, and the
amount of incident energi(A,0), so that

Al(A,0)=—a (A1 (A,0)x Equation 2-4

where a,(A) is defined to be the experimentally determined absorptoafficient of the
contaminating layer. Solving Equation 2-4 it is seen that

I ()\ ,x) =1 ()\ ,O) ex;{—o( C()\ )x] Equation 2-5
From the definition of absorption, the absorptance of a contaminated surface is therefore given by
a’ ()\) =q ()\ ){1_ ex;{—a C()\ )x]} _ Equation 2-6

Consider thespecific case of a surfatkeat isdesigned to be totally reflective, such asiaror or a
thermal radiator, but is covered with a thin layer of a contaminant film. That is, Region | of Figure 2-
1 is free space, Region Il ike contaminant layeand Region Il is amaterial that{(when clean),
effectively salsifies the constrain{A) = 0. Substituting Equation 2-6 into Equation 2-2 produces an
expression for the decrease in surface reflectance as a function of contamination thickness

p*(\)=p(A)exd-21.(A)x]. Equation 2-7

Note that thefactor of 2 is present in the exponential of Equation [®Zause a ray dight would
have to transverse the contaminant film, be refledadtransverse the contaminant filmsacond
time to avoid being absorbed:he equivalent expressidor a surfacehat isdesigned to be totally
transmissive, such as a solar array coverslide, is

T¥(\) =1 ()\)exp{—o( (A )x] _ Equation 2-8

The factor of Zoesnot appear in the exponential of Equation BeBausehe ray oflight needonly
transverse the contaminant film a single time before being transmitted.

2.1.1 Effects on Reflecting or Radiating Surfaces

Two importantclasses of surfacdbat aredegraded by molecular contamination are thermal
control surfacesand mirrorswhich would bepart of theopticaltrain of atelescope. As implied by
Equation 2-6 through Equation 2-8, thffect of molecular contamination will be to altsurface
properties.
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2.1.1.1 Thermal Control Surfaces

In space, the primargource oheatenergy to a spacecraft is usudtg Sun. The aimass zero
(AMO) solar flux as a function of waveleng®), is illustrated in Figure 2-2. Integratitsi\) over
all wavelengths givethe average valuer the total solar fluxS, as 1350 5 W/n? at the nominal
Earth-Sun distance of 1 AU.

0.25 -
0.20 -+

0.15 +
Irradiance

(W/cm2 pm)
0.10 ~

0.05 +

0 0.5 1.0 15 2.0 25 3.0 35 4.0
Wavelength ( um)

Figure 2-2. Solar flux as a function of wavelength.

An object will absorb heaf (W), from the Sun according to the relation
Q. =0 AS Equation 2-9

where A, (m?) is thesurfacearea normal to the solar fluxnd a; is the solar absorptance of the
surface, which is defined by

_ [a)SA) o Equation 2-10

- [EQL

S

In space there is no air to aid in convective cooling, so a spacecraft can lose heat only by conducting it
to cooler parts of the spacecraft, often with heat pipes, or by radiabiagkito space. Radiatidmss
to space, assuming an unobstructed view, is described by the relation

— 4 i -
Q.. =¢A,0T", Equation 2-11

wheree is the emittance, (a fundamental property of sheface material)A, (m?) is the total
surfacearea,T (K) is theobjecttemperature, and = 5.67 x 108 W/m2K# is Boltzmann's constant.

! ASTM E 490,Standard Solar Constant and Air Mass Zero Solar Spectral Irradiance T@les
September 1973.
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(Note thatt may be a function of wavelength, but eeually be treated as a constant for a broadband
radiatingsource.) An objeawill either heat up ocool downuntil the heat gain, (Equatid10), is
balanced by an equivalent heat loss, (Equation 2-11). In a first approximaticzaroagsuméhat

the material temperature is much gredtean that of thesurroundingspace environment sihat
radiation to the vehicle from sources otttean the Sun aremall in comparison. (This is nalways

a valid assumption for thermal engineerspecially in lowEarthorbit whereEarthalbedo may be
significant.) Subject to this constraint, the equilibrium temperature of the surface is approximated by

MDA Dl Equation 2-12

T= @'Lﬁmgxld %';7 St (3928 K).

ot

As an example, consider toase of a sphere which producesimrnal energy withA, = 1r? and
Awt = 4112 The blackbody (/e = 1) temperature of a sphere at the distance of the orbit of the

planets is shown in Figure 2-3-or comparison, the equilibrium temperature of a sphack of an
inclined plane, as a function af/g, is shown in Figure 2-4.

450 T
400 +

Mercury: 449 K

350 7 Venus: 329 K

Temperature 300
(K) 250 +

200
150 +
100 +

50 +

Earth: 279 K

Mars: 226 K

Jupiter: 122 K

Uranus: 64 K

Saturn: 90 K Pluto: 45 K

Neptune: 51 K

107 108 10° 10t
Distance from Sun (km)

Figure 2-3. Equilibrium temperature of a blackbody sphere.

350 4
0 Deg.
—— —15Deg. /
300 | -
Temperature
(K) 250 |
200 -
150 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1.0

Alpha/Epsilon

Figure 2-4. Equilibrium temperature of an inclined plane and a sphere in AMO solar flux.
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As shown in Figure 2-4, if the value of eitheg or ¢ is altered by contamination, either

molecular or particulate, the result will be a change in the equilibrium temperature sofrfiliee
given by

ﬂ B EDS(O(S /E)D_EEAGS E_ % Equation 2-13
T 4p(./e) 5_4%0(3 0 s%

Thermal controkurfaces usually fall into one tflo categories. Sun facimgurfacesare oftentimes

designed to be highly reflective mainimize the amount of heat thatabsorbed byhe spacecraft. If

thelow initial value ofas is increased by contamination, the heat load to the spacecraft will increase.
Deep space facing surfacéand many Sun facingurfaces as wellgre often designed to be highly
emissive, so that radiation heat loss to space is maximized and certain parts of the spacecraft, (such as
infraredfocal plane detectors), can Ipassively cooled. Because theyliate heat moreffectively

thanthey absorbt, these surfacesreusually called radiators. If radiatoase contaminated with a
material thatowerstheir effective emissivitithe heatoss will decreasand the‘cold” parts of the
spacecraft will warm up. Each of these scenarios is discussed separately in the following sections.

2.1.1.1.1 Effects on Solar Absorptance
To minimize spacecraft mass and volume, matehaignglow values ofi areoften used for

reflective surfaces designed animize heat absorption. Thermal balance can be maintaived
the spacecraft's lifetimenly if the reflectomaintains its thermal properties, (its initial value, or

equivalently, itsx /e ratio). Three examples of materials usedthis application are: i) optical solar

reflectors (OSR’s), essentiallynairror protected by ahin quartzcoverglassji) S13GLO, a white
paint, and iii)Teflon with a 2mil coating of silver. Thexperimentally determined reflectance of
these materials is illustrated in Figure 2-5. Assumihagf 1(A) is effectivelyzero, these values of
P(A) can be used to determio€\) which in turn can then be used to deternuige Typical values of

0, ande are listed in Figure 2-5Typical values ofi; ande are listed in Table 2-for these, and
other, common spacecraft materfals.

10" 1

09 +

- OSR
— — Silvered Teflon
S13GLO

Reflectance
0.8 T

0.7 +

06 +

0.5

0 0.5 1.0 15 2.0 25 3.0 3.5
Wavelength ( um)

Figure 2-5. Reflectance values for three typical spacecraft thermal control materials.

2 Hall, D. F., and Fote, A. A.dJe Measurements of Thermal Control Coatings on the P78-2
(SCATHA) Spacecraft,” irHeat Transfer and Thermal Contrad. A. L. Crosbie, Vol. 78, p.
467, Progress in Aeronautics and Astronautics (1981).

Henninger, J. H., “Solar Absorptance and Thermal Emittance of Some Common Spacecraft
Thermal Control Coatings”, NASA RP 1121, (1987).
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Table 2-1. Absorptance/emittance of typical spacecraft materials.

Material ag € aJe Material ag € aJe
Aluminum - polished 0.35 0.04 8.75 Kapton/Al 0.48 0.81 0.6
Beryllium - polished 0.4 0.05 8.0 In,Oz/Kapton/Al 0.4 0.71 0.56

Copper -polished 0.28 0.13 2.2 Quartz Fabric/Tape 0.19 0.6 0.3
Stainless Steelpolished 0.5 0.13 3.85| OSR (quartz mirror) 0.06 0.81 0.07

Gold - on Al 0.26 0.03 6.5 FEP (5 mil)/Silver 0.11 0.8 0.14
Grafoil 066 0.34 1.9 FEP (2 mil)/Silver 0.08 0.62 0.13

Silicon Solar Cell Black Paint
- bare 0.82 0.64 1.3 - Epoxy 095 0.85 1.12
- Si cover 082 081 1.0 - Acrylic 097 0.91 1.07

- Si cover, blue filter 0.78 0.81 0.96 | White Paint
- Sicover, red filter 0.7 0.81 0.86 - Silicone 0.24 0.88 0.27

(S13GLO)

As shown by Equation 2-7, the presence tiia contaminant film on theurface of a material
will alter its solar absorptance according to the relation

{1_ p(A )ex;{— D, A )(]} S ) Equation 2-14
[EQL '

a§=a3+AaS=I

The absorption coefficient that was determined from a mixture of “typical” spacecraft contaminants is
shown in Figure 2-8. Notethat theabsorption profile of a single contaminanay be noticeably
different, especially in different wavebands, Figure2-&lso, the absorption profile of contaminants
thathave been baked dhrough a photochemical depositiprocess may be significanttiarker, see

A contaminant layer with the absorptioefficient shown in Figure 2-@ould
increase the solar absorptance of a reflecting surfpessiblyupsetting the thermal balance of the
spacecraft), as shown in Figure 2-8. Historically, most spacecraft experiencdegpaation iro

after reaching orbitFigure 2-9. Some spacecraft hael of life (EOL) increases img as great as
0.15 - 0.20.

% Champetier, R., “Effects of Contamination on Optical Characteristics of Surfaces,” Spacecraft
Contamination from Propulsion Systems Workshop, The Aerospace Corporation, El Segundo,
CA, 22 September 1981.

* Wood, B. E., Bertrand, W. T., Bryson, R. J., Seiber, B. L., Falco, P. M., and Cull, R. A., “Surface
Effects of Satellite Material Outgassing Products,” J. Thermophys. Heat Trans., Vol. 2, No. 4, pp.
289 - 295, Oct., (1988).

Muscari, J. A., “Nonmetallic Materials Contamination Studies Final Technical Report,” Martin
Marietta TR MCR-80-637, 16 December 1980, (NASA JPL Contract NAS7-100).

® Ahern, J. E., Belcher, R. L., and Ruff, R. D., “Analysis of Contamination Degradation of Thermal
Control Surfaces on Operational Satellites,” paper 83-1449, American Institute of Aeronautics
and Astronautics, 18th Thermophysics Conference, Montreal, Canada (1983).

Curan, D. G. T., and Millard, J. M., “Results of Contamination/Degradation Measurements on
Thermal Control Surfaces of an Operational Satellite,” AIAA Paper 77-740, AIAA 12th
Thermophysics Conference, Albuquerque, NM, (1977).

Mossman, D. L., Bostic, H. D, and Carlos, J. R., “Contamination Induced Degradation of Optical
Solar Reflectors in Geosynchronous Orbit,” Society of Photo Optical Instrumentation Engineers,
Optical System Contamination Effects, Measurement, Control, Vol. 777, p. 12, (1987).
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Figure 2-6. Absorptance profile of “typical” spacecraft contaminants in the visible.
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Figure 2-7. Absorptance profile of specific contaminants in the infrared.
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Figure 2-8. Solar absorptance as a function of contaminant thickness.

Pence, W. R., and Grant, T. 1, Measurements of Thermal Control Coatings on Navstar Global
Positioning System Spacecraft,”$pacecraft Radiative Transfer and Temperature Congihl
T. E. Horton, Vol. 83, p. 234, Progress in Aeronautics and Astronautics, (1984).
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Figure 2-9. Thermal control surface solar absorptance changes.

In situ observations ahermal control coating degradation on ®BES Block | satellites are
shown in Figure 2-10. Much dhis degradation isssociated with photochemical deposition of
contamination, which will be discussed in section 2.4.1. Dependirigeonrbit, there are \aariety
of other mechanism¢hat may contribute talegradation of surface materials, suchtlas Solar
ultraviolet, atomic oxygen, nuclear radiation, and micrometeoroids/orbital debris impact.

0.5 7

— — — —Silvered Teflon
S13GLO

04 +

Solar 0.3 +

Absorptance

0.2 ¢

01 | __---m T TITIIe

300 400 500 600

Time (days)

0 100 200

Figure 2-10. Degradation in thermal control materials seen on the GPS Block | spacecraft.

Recallthat for OSR’s a typicabeginning of life(BOL) value is0.08. In order to maintain
thermal controland stillallow for a large degradation im,, the thermal engineewould have to

provide somemeans of eliminating thexcessheat load at EOL, mogtrobably by oversizing a
thermal radiator aBOL. Oversizingradiators aBOL mayrequire the designer to taketive steps,
(such as providing heat@ower, controllingthe radiator area through thee of louvers, placing
requirements on spacecraft orientation, etc.)offset the increased heliss at BOLwhen heat
absorption by th©SR’s is low. Consequentlgpntrolling contamination to minimize the change in
o, can also minimize spacecraft size, weight, and cost.

2.1.1.1.2 Effects on Emittance

For many aerospace applications, particularly infrared remote serbmgspacecraft must
maintain apayload at very coldemperatures. The temperature of liquid nitrogen, 77 K, is not
uncommon for many telescopes whithers, like theSpace Infraredlrelescope Facility (SIRTF),
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make use of liquidhelium, 4 K. In order to achieve these temperattirepayload must be provided

with sufficient radiator space so that the steady state heat loss from the radiator is sufficient to balance
the heat load from the spacecrafid thepayload electronics. the emittance of the radiataere to
decrease, the radiatarould not be able to radiateeat aseffectively and thetemperature of the
payload would increase. Many electro-optical fopkdne detectordose sensitivity or cease to
function entirely when warmedbove athreshold value of temperature, consequenthintaining

high emissivity onradiator surfaces is critical for missiosuccess. Fortunatelyhe effects of
contamination on emissivity are usually not as severe as the effects on solar absorptance.

Typical emissivity values for most materials, (contamination includedpighe in the range 0.8
<€ < 1.0. For any surface, the criti@hissivity is its valumearwavelengths in theicinity of the
Wein displacement law maximum, found frad ~ 0.29 cm-K. For room temperatures, T ~ 300 K
and A ~ 10 um. The maximum wavelength increases as temperature decreases. For such
wavelengthsg is usually > 0.8 witlihe exception ofome polishednetals, for whictke may be < 0.2
far into the IR. However, even visiblerhite paints have ~ 0.8 at the IR wavelengths of interest for
spacecraft designers.

Molecular contamination will predominately be eithigansparent oropaque atradiating
wavelengths. Ifransparent, the radiatiraurface is basically unaffected; if opaque it takes over the
job ofthe radiator.Only if there is a significant decreasethe thermatonductivity leading to the
radiatingsurface willthe equilibrium temperature of the underlyswface be changed. Rrin (<
1 um) layers of molecular contaminatiahis is not usually the case. Therefore, to a first
approximation molecular surface contamination should have tlitdemaleffect onhigh emissivity
surfaces at < 300 K.

The effects ofmolecular contamination diow emissivity surfacesuch as polished metals, can
be dramatic. Whilenolecules whiclare transparent twavelengths > 1Qum will not increase the
surface emissivityandtherefore not decreasiee surface temperature, molecules whickopaque at
these wavelengths, which most molecwdes, will increasemissivityanddecrease temperature. For
many situations this can be desirable, if the egtrargy is radiated to spaaed not tesome other
temperature sensitive spacecraft surface. However, for some spacecraft components, such as batteries,
a lowtemperature, (< 0° C), results in a reduced output. Ib#ttery temperature drofelow a
critical value, on the order of —50° C, failure will result. Moving parts, such as tape recorders,
steerable sensorantennas, propulsion tanketc. are mordikely to “freezeup” if temperatures get
too low. Most semiconductor deviceghich depend upon dopants fitreir charge carriershould
not beaffected. Howeverany intrinsicsemiconductors will havéheir charge carriepopulations
reduced as temperature decreasgBus,for some spacecraftaterials andcomponents, a reduced
temperature due to contamination on low emissivity surfaces is undesirable.

There have beeanly a fewstudies of theeffects of molecular contamination on emissivity. Henninger
foundthate for black surfaceq0.84 <¢ < 0.94), was not affected, while dark surfaces; 0.75), experienced
a small increas®.Stechman measured the effects of pulsed rocket exhausts on bothdilacR, &), and white,

(as ~ 0.2), surfaceb. The effectivens values increased, batvalues actually decreased. Tieincrease was
2% — 50% for the white surfaces, and 2% — 4% for the black surfaces dEeecases were < ~ 4% falt non-
metallic surfaces, and > 300fdr the one metallic surface, (Mistic Tape), reported. Thus, bhigbrface were
little effected, but surfaces witbw values ofeitheras and/ore had those values appreciably increased by the
deposited molecular contamination.

Note that an additional contaminatiadoncern in thermal control pertains to thermal radiator
baffleswhich are highly specular. Thesarfacesareused to shieldhe radiator from external heat
sources and can cause significant back saatiethe radiator when illuminated by the SurEarth.
Often thethermal designer is momncerned with theafflesthanwith the initial radiatorsince the
radiator is protected from the Sun.

® Henninger, J. H., “Solar Absorptance and Thermal Emittance of Some Common Spacecraft
Thermal Control Coatings”, NASA RP 1121, (1987).

" Stechman, R. C., “Space Shuttle Plume Contamination,” Proceedings of the USAF/NASA
International Spacecraft Contamination Conference,” NASA CP-2053, AFML-TR-78-204, pp.
401 - 411, 7 - 9 March 1978.
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2.1.1.2 Optical Elements - Mirrors

A mirror is often used athe first optical element of a remote sengiglgscope.The mirror is
designed to reflect light energy, of the proper wavelength, from a distance target - through the optical
train - andeventually onto an electro-optical detector. As shown by Equationti®&ffect of
contamination on the mirrawould be to decreasie signal strength, (the number of photons),
reflected bythe mirror. Thiswould, inturn, decreasahe signal to noise rati@®NR) atthe focal
plane array.

As shown by Figure 2-6, molecular contamination is generally more absorpthe iftraviolet
then in the infrared. The effect on SNR for a given sensor would depend on the absosrdficient
of the contaminants in questi@md also on thevaveband of interest. Narrowband measurements
may be totally compromised by a localized peakthie absorptioroefficient, while broadband
measurements may only seelight decrease iBNR. Notethat most optical references do not deal
with the absorption coefficiewnt,(A) directly, but use an extinction coefficidgtwhere

41K Equation 2-15
a c ()\) = T .

The extinction coefficient also forms the imaginary part of the complex index of refraction
n =n+ik. Equation 2-16

In addition to absorbing the signal, molecular contaminati@y also cause an increase in
thermalemissivity ofthe mirrorsurface or scattering frotme mirrorsurface. Both of theseffects
may give rise to additional noise, and decrease the s8hsdr Becausscattering is usually more of
a _concern with particulate contamination, the issue of scatteridigaessed separately in section

[313.

2.1.2 Effects on Transmitting Surfaces

2.1.2.1 Solar Array Coverslides

If a contaminant film builds up the coverslide over a solar cell less light will be transmitted to the
cell and the power output of the cell will degrade according to the relation

J.SO‘) Is()‘)eXF{—O( A )x] d\ Equation 2-17

DF(x) =
JSA) L)

wherel (A) (W/m) is the spectral response of the cell, a measurevokffectivelythe cell converts a

particular wavelength of light into power. A typical solar cell response curve is shown in Figure 2-11
and the resulting degradation ¢ell output due to contamination is shown in Figure 2-12. (This
figure hasassumed the contaminant absorptance profile shown in Figure 2-6.) Aspresibus
examples, thepecific result is slightly dependent tire nature of the contaminant and tesponse
curve of the cell in question.
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Figure 2-11. A typical solar cell response curve.
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Figure 2-12. Effect of contamination on solar cell output.

2.1.2.2 Optical Elements - Lenses, Focal Plane Arrays

As with a mirror, thepresence of a contaminant film on a lens @cal plane will decrease the
intensity of the signal by decreasing the amount of energy transmitted, (Equation 2-8). Because of the
factor of two difference betwedhe exponent of Equation 2and Equatior2-8, contamination on a
lens would be less damagingSdiRthancontamination on a mirror. That is, a contamirfdnt on
a lenswould only have to be traversed once, whiebataminant film on a mirrowould have to be
traversed twice. The design of an optical telescope usually ldevémeroptical elements protected
from external contamination. Similarly, the depositiomaiecules tends to be by dirgathwhich
would yield a favored side the contamination(sek sectio?.3.1.3). For this reason, it is primarily
the external components otelescope whiclare most contamination criticaHowever,this must be
evaluated on a case by case basis.
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2.1.3 Additional Concerns

2.1.3.1 Cryogenic Surfaces

Many modern space-based sensors operatheininfrared(IR) portion ofthe electromagnetic
spectrum, defined as wavelengths greétan ~0.7 um. There are at leastvo reasons fothis.

First, manyobjectsradiate eithecompletely or partially at these wavelengtsmarily because they
arerelatively cool, (T < 1000 K). Seconithe transmission of infrared radiation through the Earth’s
atmosphere (including clouds, dust, etc.) is bettesélicted wavelengthshan for visible or UV
light. For some applications,g. observingbjects in spacagainst an Eartbackground, selecting
the proper IR wavelengthas the advantage of almost eliminatbagkground radiation emitted
and/or scattered by the Earth. For any space-based optical senstigi¢cheof wavelength(gind its
associated bandwidth are critical. For many applications those wavelengths lie in the infrared.

An optical sensor which operates in the #pecially MWIR (A > ~ 5pum) must generally be
cooled inorder to limit the background noiggoduced by the sensor itselfhat background will
consist of photons emitted by the mirrors, lenses, other parts of theensorandmay also consist
of thermal (Johnsomyoise in the sensor electronics (associated with the stotdplane). The
optical IR background will have a Planck wavelength distribution. Fortunately its intensity will be
reduced by théow emissivity ofmost optical surfaces to ~ 5% tbfat of ablackbody, or less. The
electronic noise may have several non-thermal components such as 1/f noise (due to electron quantum
mechanical tunneling at the boundary), generation-recombin@igh noise ithe number of charge
carriers in sensitive circuits fluctuates, shot noise (due to the random arrival of charge carriers at
barriers), in addition to the Johnson noise. Since it is desirable to maximi@dlEhén any sensor,
cooling the sensdespecially an IR sensor) accomplistids by reducing the opticalndusually the
electronic noise. This cooling is often necessary to obtain a detectable signal.

The contamination issue associated with coolingpary of aspacecraft, especially an IR sensor,
is that theaverage molecular residency timm® exponential functions of temperatigee section
2.3.1.3. Molecules which wouldhot stick to a warm surface will have lengthy residence times on a
cold surface. For example, wafgihe most common outgassing molecule from spacesuaffices)
resides lesthan amicrosecond, on average, at room temperatures, but will have a residence time on
the order of the age of the universe (¥71€) on a surface at a temperature of ~ 77 THus, cold
surfaces act as “getters” for most molecules which strike them.

The consequences of molecular contamination on cold spacecraft surfaces depleachature
of the contamination asell asthe sensitivity ofthe surface.Molecules which daot scatterreflect
or absorb IR photons #te wavelength of interest are of little concefrhis is true ofone atom gas
molecules, (e.g. N&r) andoften true otwo atom gas molecules (e.g.;,ND,). This isbecause one
atom molecules have no vibration modasd two atom molecules have only one vibration mode.
(Rotational modes lie irthe microwave portion ofthe spectrunand are of littleconcern in
contamination studies.) However, three atom molecules, (e.g.,® CG, ...) andfour atom
molecules (e.g., N§l...) have several vibrational modesme of which could lie ithe IR regions of
interest and be and additiorsdurce of noise. Hence, molecular contaminatiorcawled optical
surfaces are a special problem for IR sen$ors.

8 Bertie, J. E., Labbe, H. J., and Whalley, E., “Absorptivity of Ice | in the Range 4000 - 30 cm-1," J.

Chem. Phys., Vol. 50, No. 10, pp. 4501 - 4520, 15 May 1969.

Pipes, J. G., Roux, J. A.., Smith, A. M., and Scott, H. E., “Infrared Transmission of Contaminated
Cryocooled Optical Windows,” AIAA Journal, Vol. 16, No. 9, pp. 984 - 990, Sept., (1978).

Pipes, J. G., Sherrill, F. G., Wood, B. E., and Clark, W. L., “Cryocooled Optics and
Contamination,” Optical Engineering, Vol. 18, No. 6, pp. 620 - 625, Nov. - Dec., (1979).

Thompson, S. B., Arnold, F., and Sanderson, R. B., “Optical Effects of Cryodeposits on Low
Scatter Mirrors,” AIAA Paper 73-732, 8th Thermophysics Conference, Palm Springs, CA, July
1973.

Wood, B.E., and Roux, J.A., “Infrared Optical Properties of Thin H20, NH3, and CO2 Cryofilms, “
J. Opt. Soc. Am., Vol. 72, No. 6, pp. 720-728, June, (1982).
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There is also the concethat afrozen contaminant layerould appear more opaquéan its
unfrozen counterpart. Freezing a clear liquid, such as watenfigsmproduce a much moopaque
solid. As a result, the presencecofogenic surfaceare a sure indicatiothat contaminatiorontrol
will be a significant factor in the design, development, and operation of a space system.

2.1.3.2 Thin Molecular Films - Interference and Scattering

One property associated within films is aneffectknown as interference. As is well known,
thin films whosethickness ara/4, 3\/4, ... tend to baon-reflecting at those wavelengths. A ray of
light being reflected by a film of thickne3$4 would exitthe filmexactly out of phase with the
incoming ray. Thewvould interfere destructivelgndcancel. Thin films of thickness\/2, A, ... tend
to reflect well becausine incoming anautgoing rays would be iphase. For the problem laand,
the following observations can be madeA # 1um, (the near IR), theW/4 is 0.25um, or about 100
molecular monolayers.This is a fair amount of contaminatiorspecially for sensitive optical
surfaces such asirrors andlenses. As will be quantified in the next sectiorgintainingsurface
cleanliness to level A or B should be sufficient to prevhit film effectsfrom occurring on most
surfaces. When combined withe fact that contaminankayersaretypically more absorptive in the
UV than in thelR, Figure 2-6this conclusion is even moteue forMWIR (A ~ 5um) andLWIR (A
>10um). Consequently, this phenomena is of more concern at visible and ultraviolet wavelengths.

A second concern arises frattmat fact that molecular contaminatiodoesnot deposit itself in
uniform layers, but in clumps.This is especiallytrue forthe first 100monolayers or so. If the
moleculesare not transparent at thevelengths of interest, scatteringther thanreflection will
usually bethe primaryeffect of concern. Becausscattering is usually of more concern from
particulates, the discussion of scattering from molecular films will be postpondd until section 3.1.3.

2.2 Quantifying Molecular Contamination

2.2.1 MIL STD 1246C

Both molecularand particulate contaminatidevels are quantified bMIL STD 1246C.
Molecular contaminant films are referred to as Non-Vol&isidue (NVR), which is defined as the
solublematerial remaining afteevaporation of a volatile liquid or determined by special purpose
analytical instrumentsNVR is usually measured milligrams per unitvolume, such as milligrams
per 100 milliliters of fluid sample, buhay also be measurednmilligrams per 0.1 square meters of
surfacearea. TheNVR levelsquantified by MIL STD 1246Care specified in Table 2-2. A
requirement that a surface must be clean to level “C” mibansolecular films cannaéxceed 3 mg
per 0.1 M, or 3ug/cn?, on thatsurface. If thedensity ofthe contaminant is known, (1 g/tis a
reasonable value), the MIL STD level can be converted to a contaminant thickness, Table 2-3.

Table 2-2. MIL-STD-1246C molecular contamination levels.

Level NVR Limit NVR Limit Level NVR Limit NVR Limit
mg/0.1 nf mg/liter mg/0.1 nf mg/liter
(ug/cnt) (ug/cnt)

A/100 0.01 0.1 C 3.0 30.0
A/50 0.02 0.2 D 4.0 40.0
A/20 0.05 0.5 E 5.0 50.0
A/10 0.1 1.0 F 7.0 70.0
A/5 0.2 2.0 G 10.0 100.0
Al2 0.5 5.0 H 15.0 150.0

A 1.0 10.0 J 25.0 250.0
B 2.0 20.0
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Table 2-3. Molecular contamination thickness versus MIL-STD-1246C cleanliness level.

Contamination Thickness (nm)

NVR p.=0.75 .= 1.0 p.= 15 pc= 2.0
“‘Level”  (uglcn?) glen? glen? glen? glen?
A/100 0.01 0.13 0.10 0.07 0.05
A/50 0.02 0.27 0.20 0.13 0.10
A/20 0.05 0.67 0.50 0.33 0.25
A/10 0.1 1.33 1.00 0.67 0.50
A/5 0.2 2.67 2.0 1.33 1.00
Al2 0.5 6.67 5.00 3.33 2.50
A 1.0 13.33 10.00 6.67 5.00
B 2.0 26.67 20.00 13.33 10.00
C 3.0 40.00 30.00 20.00 15.00
D 4.0 53.33 40.00 26.67 20.00
E 5.0 66.67 50.00 33.33 25.00
F 7.0 93.33 70.00 46.67 35.00
G 10.0 133.33 100.00 66.67 50.00
H 15.0 200.00 150.00 100.00 75.00
J 25.0 333.33 250.00 166.67 125.00

Note that contaminatiorthicknesses of 0.0um, (10 nm),corresponds to cleanliness level A
(assumingp = 1 g/cnd). As shown in Figure 2-&8nd Figure 2-12, lesshan0.01pm of molecular
contamination will have littleeffect onthermal controlsurfacesand solar arrays. As will be
discussed in Chapter 3, maintaining cleanliness level A is, relatively speaking, not that difficult. This
is an indication of the fact that optical surfaces are often the most susceptible to contamination.

2.3 Generation, Transportation and Deposition of Molecular
Contaminants

Even if a spacecraft’s surfaces are clean when installed in the launch vehisfgdberaft itself
will be a source of contaminatiaturing launch or on orbit operations. Alut the purest organic
materials will contain fractional amounts of “volatile” chemicals, either orstinface or dispersed
through the material, Table 224 These volatile chemicals, which may be simgkgess chemicals
left over fromimproper catalyst/resin ratios, improper curing, etc., ne&gr time, migrate to the
surfaceandescapento the local environmentThis process, calledutgassingis responsible for the
familiar odor of plastics or rubber. In additighruster plumes are a potentiafigriousthreat if the
backflow is capable afeaching sensitive surfaces. Similartigploying or operating mechanisms,
releasing covers, or conducting proximity operatiares all potentiatources of contaminatioonce
on orbit.

Table 2-4. Examples of common spacecraft contamination sources.

Structures Epoxies, polycarbonates, polyurethanes, polyamines,
polyimides, flourocarbons
Potting/Encapsulation Polyurethanes, epoxies, silicones
Conformal Coatings Polyurethanes, epoxies, silicones
Adhesives Epoxies, silicones, polyurethanes
Tapes Polyesters, acrylics, polyamides, flourocarbons
Other Acetates, epoxies, acetals, polyamides

%Vest, C. E., Buch, R. M., and Lenkevich, M. J., “Materials Selection as Related to Contamination of
Spacecraft SurfacesSAMPE QuarterlyVol. 19, No. 2, pp. 29 - 35, (1988).
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2.3.1 Contamination due to Materials Outgassing

Experimental data indicate thatitgassing is seen to vaeither: i) as an exponential function of
time, ii) inversely as a power dime, or iii) independently of time, depending on the mechanism
responsible fothe outgassingrocess. These three outgasgingcessesre known aslesorption
diffusion anddecompositionrespectively. Desorption the release durface moleculethat are
held by electrical (chemicalforces. Diffusion isthe homogenizatiothat occurs fromrandom
thermal motions. Contaminantisat diffuse tothe surface of amaterialmay have enougthermal
energy to escapthe surface forcesand simply evaporate intdhe local environment. Finally,
decomposition is a type achemical reaction where a compound divides tato ormore simpler
substances, which may then outgas through desorption or diffusion.

In addition to the timalependency, each process is seen to depend exponentially on a unique
range of activation energies,, (the energy required to initiatke processiand temperaturd,, (the

measure of the availabldermal energy), according to the relatidaxp(_Ea/RT). The activation

energies define a temperatuasmgeover whichthe various reactions are considelikely, (provided
that they are chemically possible inhe first place), Table 2-5Because desorption involvesly
surface films it will usually contribute comparatively little to total mass loss on orbit,theegh it
has alow temperature dependenead fast time constant. Note, howevéhnat desorption is the
mechanism responsible for removiggntaminant layers from metals. Similarlyecomposition
usually contributes comparatively little to total mass loss due togtstemperature dependence and
time independence. Diffusion, on the othand, has a mid-rangemperature dependenaad mid-
range time constantBecause diffusion ithe mechanism responsibitag outgassing from organic
materials, andnvolvesthe total mass of organic material present, it is the mechahanis the
major source of outgassing on orbit.

Table 2-5. Characteristics of various outgassing mechanisms.

Time Activation Energy 1/e Temperature Range
Mechanism Dependence (kcal/mole) T=EJ/R, (K)
Desorption t1to t2 1-10 500 — 5000
Diffusion 12 5-15 2500 — 7500
Decomposition n/a 20-80 10,000 - 40,000

2.3.1.1 Contamination Generation - Diffusion
The amount of mass loss due to diffusion can be represented by the relation

dm exp-Ea/RT Equation 2-18
LU o s

dt Jt

whereC (s*?) is a normalization constant that must erimentally determinedn (kg) is the
amount of mass contributing to the outgassiig, (kcal/mole) is the activation energR, (kcal

K/mole) is the gas constanit,(K) is the temperatur@ndt (s) is the time. Integrating Equation 2-18
provides an expression for the amount of mass outgassed betweepdimiéy, which is

Am B Equation 2-19
= = 2Cexp Ea/RT(t;IZ _ tlllz)_ q
m
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The amount of matter that isutgassed by anaterial is dependent on the materiazecific
outgassing characteristics, which are contained in the normalization co@Gssatt theactivation

energyk,.

2.3.1.1.1 ASTM E 595 - Materials Outgassing Test

A standard test of a material's outgassing characteristics, which casetbeo determin€,
(nearroom temperature), is ASTM E 595. thms test, a sample of the material being studied is held
at a temperature of 12& for 24 hours at a pressure of lésan 7 x 103 Pa. Comparing the initial
and finalmass of the samphlgeldsthe change in masAm, which is known as the Total Makess
(TML). BecauseT, t;, andt, are known,once Am is determined the reaction const&tcan be
evaluated, providethat theactivation energy afhe material is known. For most spacecraft organic
materials, the activatioanergy is inthe range 5 — 15 kcal/mol. Knowing theecific value for a
specificmaterial will inferC. More oftenthe outgassing will be due to a conglomeration of material
so that a rough estimation of the “average” activation energy, (usually taken to be 10 kcal/mole), is all
that isavailable. Notehat ASTM E 595 is incapable of deduci if E, is unknown. I[f this is the
case, the more robust ASTM E 1559 must be Used, section 2.3.1.1.2.

The concern in contamination control is narely over howmuch mass will be outgassed, but
also over hownuch of theoutgassed mass will condense on a sensitive surface. To detthigine
secondparameter, the ASTM E 595 outgassing test utilizes a collecting plate, held & 25
measure the amount dollected Volatile Condensable Material (CVCM)hat is, CVCM is a
measure of the fraction of the TMhat could condense on a 28& plate. Recalthat MIL STD
1246C specifies moleculamontaminationlevels interms of NVR, whereNVR is defined as the
amount of mass per unit araad ismeasured by chemical wiping. WhidVR and CVCM are
closely related, they are distinct quantities. (Note dlsat, CVCM will typically be astrong function
of temperature. This will be discusseld in section 2.3.1.3.)

Usually, much of the TML is due teoery light chemicalspecies, such as water, which will not
condense on room temperature surfaces. ASTM E 595 also meathirdsparameteiWater Vapor
Regained (WVR), by subjectinbe post-test sample to a 50% relative humidity environment’at 23
for 24 hours. The mass gain is used to infer WVR.

As a starting point, the conventionaisdom defines typical pass/faititeriafor most spacecraft
materials to be 1% TMland 0.1%CVCM. That is, a material with &ML of 0.5%would pass the
screening test, while a material with 0.2% CV@huld fail. Using these criteria alone, without
taking into consideration the materials activatemergy or its absorptioooefficientcan be quite
misleading. A material with an activation energy of 32 kcal/mole or greater would eetgasowly
and could still passthe test although most of tletgassablenatter hadyet leavethe material.
Similarly, a material which has a significaftiL value may be quite innocuousit§ CVCM isnear
zero or it is essentiallyransparent. Conversely, anaterialmay have amall TML and bejuite
optically black for correspondingly small values of CVCM. If problemsforeseen, more detailed
analysis is usually warrantéd.

Outgassing parameteasdactivation energies for several typical spacecraft matexialshown
in Table 2-6. The mass density of outgassed contaminants is typically on the order cf 1 g/cm

10 Campbell, W. A., Jr., and Scialdone, JQuigassing Data for Selecting Spacecraft Materials
NASA Reference Publication 1124, Rev. 3 (1993).

Glassford, A. P. M., and Liu, C. K., “Outgassing Rate of Multilayer Insulation Materials at
Ambient Temperature,” J. Vac. Sci. Tech., Vol. 17, No. 3, pp. 696 - 704, (1980).

Muscari, J. A., and O’'Donnell, T., “Mass Loss Parameters for Typical Shuttle Materials,” Society
of Photo Optical Instrumentation EngineeBtiuttle Optical EnvironmenYol. 287, pp. 20 - 24,
(1981).

Scialdone, J. J., “An Estimate of the Outgassing of Space Payloads and its Gaseous Influence on
the Environment,J. SpacecraftVol. 23, no. 4, p. 373 (1986).
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Table 2-6. Outgassing parameters for typical spacecraft materials.

TML (%) TML (%) CVCM

Material at7%C at125°C (%)
Adhesives
R-2560 1.58 1.53 n/a
RTV-566 0.11 0.26 0.02
DC 93-500 0.07 0.08 0.05
DC 6-1104 0.29 0.58 0.03
Films
Kapton FEP n/a 0.25 0.01
Kapton H n/a 1.17 0.00
Mylar n/a 0.32 0.04
FEP Teflon n/a 0.77 0.35
Oils & Greases
Brayco 815Z n/a 0.25 0.01
Braycote 803 n/a 0.24 0.13
Krytox 143AD n/a 28.54 5.71
Vakote MLD73-91 0.40 n/a n/a
Paints & Coatings
S13G/LO 0.45 1.00 0.13
Chemglaze Z306 2.40 2.52 0.07
DC Q9-6313 0.40 0.39 n/a
Aremco 569 2.28 3.58 n/a
LMSC 1170 1.88 2.89 n/a

2.3.1.1.2 ASTM E 1559 - Contamination Generation Characteristics of Spacecraft Materials

Becausdhe ASTM E 595 screening testaintains the outgassirgpurceand collector at fixed
temperatures, itloesnot provide completmsight into the outgassing characteristics of a material.
For this reason, it isften necessary to conduct more detailed tests in order to determine outgassing
characteristics over a wider temperature raanggdetermine relevant time dependenci&suis is the
purpose of ASTM E 1559, which is capable of determining Hoghtotal mass flusutgassed by a
material and the deposition of the outgassed by-products on surfaces held at various temperatures.

To obtain more precision, ASTM E 1559 utilizes Quartz Crystal Microbalances (QGbEs),
section 4.2.1.3), to make measurements of outgasaédr at different temperatures. Essentially, a
QCM compares the resonanitequency of a shieldeguartz crystal, which remains contamination
free, with onghat isexposed tdhe environment anexperiences a deposition of contamination. By
calibrating the QCM the amount of mass deposition can be determineal test methods can be
utilized. Test method Apecifiesthree QCM’s with operating temperatures of 90 K, 16@ukd 298
K. Test method B utilizes the 90 K QCMnd theuser selects a temperature for up to three
additional QCM’s. The test sample sabjected tahree differentruns, at temperatures of 398 K
(125° C), 348 K (75° C)and323 K (50° C) with the test continuirfigr 1 — 5 days foeach sample.
Although this test is morexpensivehanASTM E 595 it is capable of providing much mansight
into thespecific outgassing characteristics ahaterial. By heating up th@CM'’s at the end of the
test it is also possible to determithe temperature at which many of th#tgassed constituents will
condense.

2.3.1.2 Contamination Transport

The amount of contamination thatpsoduced by a spacecraft is important, but the amount of
contamination thateachesand sticks to, a sensitive surface is much mionportant. In general,
transportprocesseare generally either line of sight or non-line of sightiasussed irthe following
sections.
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2.3.1.2.1 Line of Sight

Once the electrical attraction to tilserface ofthe material habeen brokenthe outgassed
moleculesare free to followballistic trajectoriesand may randomlyimpact other surfacesaving a
line of sight to the point of departure. The contaminant mass may originate intersutisyatem or
payload, such athe outgasing from theaffle coating of an optical sensor, or from its exterior.
Spacecraft are typically vented to allow for pressure reduction during launch. Once on orbit any mass
that is outgassed interior tthe vehicle would be expected to exit frothe spacecraft vents in
proportion to theirgeometric area. This will of course be modified bthe presence of interior
bulkheads and/or the proximity of high outgassing sources to certain vents.

The rate at which mass dsitgassed is given by Equation 2-1Bhe question of interest is, how
much of theoutgassednaterial can reach a sensitiserface? The arrival rate of contaminants at a
given point is dependent on the rate of outgassing faimpotentialsourcesand thephysical
geometry othe point in question relative to each source. In a vacuunartival rate is the product
of the rate at which madsavesthe source, whichan be calculated from Equation 2-38d a
geometrical view factor, which is simply a measure of the fraction of matter that leaves the source and
impacts a given point of interest. The outgassiieyv factor bears a strong resemblance to the
thermalview factor, or angle factor, used in calculations of radidtisat balance. We withaintain
this analogy in the following derivation.

Consider a plate of arei# which is radiating heat (outgassing massygace with radiance;

(W m2 sr'). What fraction of this heat (mass) will impact a surfadelocated a distanaefrom the
first plate in the relative orientation shown in Figure 2-13?

normato dA normal to dA

Figure 2-13. View factor geometry.

The rate at which heat (mass) lead#s in the direction otlA, is

Aqg, = Lico$hdA, Equation 2-20
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where@ is the angléetweerthe normal talA; and the radius connecting the center of the plates.
The amount of heat (mass) that leagtég and is intercepted byA, is

Agy, = L, coHdA dw ,, Equation 2-21
wheredw, is the solid angle thatA, subtends, witllA, as its origin. It is easily seen that

cosp Equation 2-22

r2

dw, =

dA,.

If we considers thease ofdA; radiating (outgassing)ver anentire hemisphereA,, it can beseen
that

n/22m Equation 2-23

g, = LidAlI Icosﬁ siMdd =mtLdA= M dA
0 0

where M (W m) is defined as the exitance. Consequently, in terms of the exitanceratlihiéng
source, Equation 2-21 reduces to

cod co® Equation 2-24
A(112 = MleAl dAQ :

The total heat (mass) transfer between the two surfaces is found by integratidg,cuvetddA,. The
radiative view factork,, is defined by

cod co Equation 2-25
F, = J].Tfp dA d'% '

so that the total heat (mass) transfer fisbi to dA; is given by
g, = M,E,. Equation 2-26

As previously seerthe thermal exitancéyl, has units of W M, or J & m% We confirmthat

Equation 2-24and Equatior2-26 areequally applicable tthe case of outgassing, providéuat the

mass exitance is measured in units of mass per unit time per unit area. By analogy, the mass exitance
is defined by

_ dml 1 Equation 2-27

T dt dA’
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where dmy/dt is obtained from Equation 2-18nd dA; is the area of the outgassing sour(fer
example, thecross sectionarea of a vent). Using thexpression in Equation 2-2@ould produce
an expression for the mass per unit time whichdéftand impactedA.

Recallthat MIL STD 1246C defines molecular contaminatiemels interms of mass per unit
area. What isftentimes more usefthan theamount of mass distributemler dA; is simply mass
per unit area at apecific pointwithin dA,. For this reason, weefine theview factor used in many
outgassing calculations as

_ .Cco9 co® Equation 2-28
VF, = I 4dAl

Notethat thevalues o® and aredefined by the point of impact withihd,. Using thisexpression,
the mass of contaminants per unit area per unit time which arrivesacific point indA,, after
having originated frondAy, is given by

OAm O _ Equation 2-29
VR

The thickness of contaminants atspecific point is obtained by simply dividing Equation 2-29
by the density ofthe contaminanp. (g/cnt).  Explicitly, the thickness of contaminatidhat is
outgassed bglA; and impacts a specific point withit?; is given by

AXx, 1 Ekjml 10 Equation 2-30

At _pCDdt dAH

co cosp dA,

where 8 is the anglebetweenthe normal to the outgassisgurceand the radiusector to the
collection point@ is the angléetweerthe normal to theollection pointand the radiusector from
the collection point, andis the distance between source and collector as illustrated in Figure 2-13.

If there are numerous sources contributing to outgassing, the total mass reaching a given point of
interest is simplyhe sum of the parts. Ifsource doesot have a direct line of sight to thellection
point of interest, its view factor for direct deposition is zero. An outgassing source may be an
extended surface, such atharmal control panetoveredwith an outgassing paint, onay be quite
localized, such as outgassing througtspacecraft vent or from a single electrical component.
Contaminationmay also come frorthermal blankets or multilayer insulation. tivo or more
payloadsare carried into orbit on the same launch vehicle, paiydpad may be degraded by
contamination from the othgpayload. Any material thatmay outgas is a potential source of
contamination.

2.3.1.2.2 Non-Line of Sight

2.3.1.2.2.1 Desorptive Transfer and Scattering

It is notalways necessary for@@ntaminantsource to have a diretihe of sight to asensitive
surface in order fothe source to contaminatihe surface. Aource may outgasiatter onto an
intermediate surface, which will iturn desorbmatter onto thesurface of concern. Consequently,
reflection, or desorptive transfanay also need to be considered in a compreheasivamination
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analysist® Contaminantamay also exit a vehiclkend bescattered backhrough collisions with
ambient atmospheric molecules. Obviously, this phenomenon is of greater concern in LEO where the
atmospheric density is greatest. Scialdone reports ar0%n flux at 160 km altitude, bubnly a
0.0001% return at 1000 k. For extremely sensitive surfaces, these non-linsigtit transfer
mechanisms may be significant.

2.3.1.2.2.2 Electrostatic Reattraction During Spacecraft Charging

One non-line of sight deposition mechanisimat may be of concern even ihe absence of
extremely sensitive surfaces is electrostatic reattractioring periods of intense spacecraft
charging®®> Under certain orbital conditions the ambient plasma environmeyt charge a
spacecraft to large negative voltages, (—20)8ls was seen on ATS-8). Spacecraftharging to
high voltages is a phenometiaat isusually associated withigher altitudes, or polaorbits. If a
molecule is outgassetliring aspacecrafthargingevent,and if themolecule is ionized whilgvithin
the Debye sheath, (the plasma shielding distance)mdy be electrostaticallgattracted to the
vehicle, Figure 2-14.

solar UV electron
photon repelled

vehicle ionizes by charged
charged contaminant vehicle

by plasma OVAUAY =
envi ronment
outgassed ionized contaminant
neutral reattracted to negatively
contaminant charged vehicle
VENT

Figure 2-14. Electrostatic reattraction of ionized contaminants.

In situ measurements of molecular contamination made on the SpaGk@aeiing at HighAltitudes
(SCATHA) spacecraft indicatetthat as much a81% of the contaminatioreceived was deposited
during periods of spacecratharging. This phenomena is of greater concefhgdterorbits where

the plasma screening distances are greater. prbisdesthe contaminanmolecule more time to
becomeionized as it exits the vehicle. low Earthorbit, the plasma screening distances are on the
order of 1 cmand this phenomena is nestpected to be an issue. In geosynchronous orbits, where

1 Alan Kan, H. K., “Desorptive Transfer: A Mechanism of Contamination Transfer in Spacecraft,”
J. Spacecraftyol. 12, No. 1, pp. 62 - 64, (1975.)

2 Scialdone, J. J., “Self-Contamination and Environment of an Orbiting Satellitégc. Sci. Tech.

Vol. 9, No. 2, pp. 1007 - 1015, (1972).

13 Clark, D. M., and Hall, D. F., “Flight Evidence of Spacecraft Surface Contamination Rate
Enhancement by Spacecraft Charging Obtained with a Quartz Crystal Microbalance,” Spacecraft
Charging Technology Conference 1980, NASA CP-2182, AFGL-TR-81-0270, (1981).

Hall, D. F., and Wakimoto, J. N., “Further Flight Evidence of Spacecraft Surface Accommodation
Rate Enhancement by Spacecraft Charging,” AIAA Paper 84-1703, 19th Thermophysics
Conference, Snowmass, CO, 25 June 1984.

Liemohn, H. B., Tingey, D. L., Stevens, G. G., Mahaffey, D. W., and Wilkinson, M. C., “Charging
and Contamination During Geosynchronous Orbit Insertion,” Society of Photo-Optical
Instrumentation Engineers, Optics in Adverse Environments, Vol. 216, pp. 80 - 86, (1980).

1 0Olsen, R. C., Mcllwain, C. E., and Whipple, E. C., Jr., “Observations of Differential Charging
Effects on ATS-6,"J. Geophys. ResVol. 86, No. A8, pp. 6809 - 6819, (1981).
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plasma screening distances are on the order of meters, reattraction is a much greater concern.

important to notehat reattraction i®nly possibleduring periods of time when 1.) the contaminant

flux is sunlit, (so that it may be ionized by the solar UV), and 2.) the vehicle is charged negatively.

2.3.1.3 Contamination Deposition - Surface Residence Time/Accumulation Rate

If an outgassed molecule impacts a surface, experimental evidence cahétrisa most cases,
the outgassed molecule will adhere the surface and establish thermal equilibrium. The
contaminantmolecule will then remain attached to thsurface until, following the random
probabilities of quantum mechanics, it acquires enargirgy to escapine electrical attraction to
the surface. The average residence time osuHace is therefore relatedttee surface temperature
and is approximated by the expression

T(T) = 1expm/ R, Equation 2-31

wheret,, is the oscillation period of theolecule orthesurface'® Scialdone reports oscillation times

on the order of 18* to 10™* s, with 10" s being averag®. ConverselyNaumann reports an
oscillation period for water of I8 s!’ For most applications, the actual valuetgfis not that

critical as most outgassed contaminants will havergshort residence time ail but cryogenically
cooled surfaces. Faxample, water, with an activation energy of ~ 11 kcal/mudes, aresidence
time of 1 x 16' s on a surface at 100 K, but only i on a 300 K surface, Figure 2:15f a
contaminantmoleculehas aesidence time long in comparison to ttie of the mission, it can be
assumed to remain permanently.

300 T
— \7"5kcallmde
\
250 - — — ~ 7 7 10 kcad/mole
— S
200 T — T 15 kea/mole
Surface B - - ~ 20kcd/mde |__
Temperature 150 + -
K)
100 + - — .
50 | T
0 I I I I I : : !
107 101 100 10t 102 103 104 10° 108

Residence T ime (s)

Figure 2-15. Residence time of molecules as a function of surface temperature.

A contaminant layemay build up on a surface providddht the arrival rate of contaminants
exceedshe rate of departure. That is, contaminatiglhaccumulate if at least some thfe incident

5 Chen, P. T., Hedgeland, R. J., and Thomson, S. R., “Surface Accommodation of Molecular
Contaminants,” Society of Photo-Optical Instrumentation Engineers, Optical System
Contamination: Effects, Measurement, Control Il, Vol. 1329, pp. 327 - 336, (1990).

16 Scialdone, J. J., “Characterization of the Outgassing of Spacecraft Materials,” Society of Photo-
Optical Instrumentation Engineers, Shuttle Optical Environment, Vol. 287, pp. 2 - 9, (1981).

" Naumann, R. J., “Contamination Assessment and Control in Scientific Satellites,” NASA TN-D-
7433, October, (1973).
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contaminant molecules have a residence time that is long in comparison to the time period of interest.
The accumulation rate is approximated by

X, (1, T) :Iy(n%ﬁjt' Equation 2-32

where y (T) is the sticking coefficient, i.e., the fraction of incidentmolecules that attach
"permanently" to the surfacend Ax,/At is the arrival rate given by Equation 2-3G: may be
assumed to be 1for worst-case predictions or for cryogenic surfaces wihereresidence time of

most contaminants is longdowever,the ASTM E 595 resultwould predict a sticking coefficient of

0.1 for room temperature surfaces, in agreement with the fraction oftidlremains a€VCM. If

more detailed calculations are required, the evaporation rate can be estimated from the accumulation
rate and the residence time or from the BET equation.

In 1938, Brunauer, Emmett, and Telldeveloped an expression to describe multilayer
adsorptionand theiequation habecomeknown as the BET equatidf. In essencehe BETtheory
assumeshat adsorption sites are independamid may each accommodate amlimited number of
molecules. That is,adsorption occurs ke formation of piles aiolecules on each site. Without
derivation, (which would involvéhe Fermi-Dirac distribution functioand otheexpressions from
statistical mechanics), th@lume of gas present on a surfatg(normalized to the&olume required
to form one monolayeY,,), is

Op 0O {ui-u,)0 Equation 2-33
0 [exp’ " 0
Vo 0P, O P
V.o 0 qu-u,)o !
B e ™ i
] 0R, P, 0

whereU; is the bindingenergy ofthe contaminantolecule tathe surfacel, is the bindingenergy

of contaminanmolecules to onanother,P is the ambient pressurand P, is the saturatingapor
pressure of the contaminant gas. The form of the BET equation is illustrated in Figure 2-16. As
shown, onlycontaminants with extremelpw vapor pressures, dbat P/P, is large, and/or high
surface binding energies, could be expected to form condense in layers on a surface.

10t
100

10t

Volume (V/V )

-2 - — — Energy =6

10 - g - ay -
- _— —— —Energy =4
o — 7 - - - Energy =2
103 . —— - Energy =0
o —— - Energy =-2

104
10® 102 101 100

Pressure (P/P )

Figure 2-16. The form of the BET equation. Energy = (U- U,)/RT.

18 Brunauer, Emmett, and Tellet. Am. Chem. SqdVol. 60, p. 309 (1938).
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2.3.2 Contamination due to Thruster Plumes

Studies of thruster exhaust plumes indictitat thrusters ar&nown to scatter aery small
fraction of the ejected mass at angles greater thaofP6f the thruster axis, Figure 2-17.Typically
the amount of massjected athe higher angles isssthanonepart in 1¢, butthis is dependent on
the specific thruster design. Because mass ejection at high off-axis angles is a real possibility, there is
often a concerrthat firing a spacecraft's propulsion system could cacgetaminants from the
exhaust plume to impact sensitive surfaces. (This is particularly of codoerg rocket stage
separatiof?) Plume impingement could kibe indirect result ofjection athigh off-axis angles,
which would be due tscattering within the plume itself, or the result of scattering from ambient
moleculesnear thespacecraft. (This last scenario is highly unlikely to begin with due to the mass
difference between ambients and fuel products, and would also decrease in probability with altitude as
atmospheric density decreases.) Hydrazine monopropellant and bipropellant fuels are commonly used
for nominal on-orbit station-keeping maneuvers. Both on-orbit measuremhtaboratory tests
have indicatedhat hydrazineexhaustdoesnot collect on surfaces warméhan about —45 C*
Analine impuritydecomposition products were witnessed at —0)Wwater was collected at —120,
and ammonia was detected at —167 Consequently, deposition from hydrazine thruster plusiles
not be a problem for most non-cryogenic surfaces. Bipropellant exhaust constitlaegera
contamination concern. The predominasgecies inthe bipropellant plume resultifgom
incomplete combustion ®IMH and NO, is monomethylhydrazine nitriMH-HNO,). With an

activation energy of 20.48 kcal/moIMH-HNO, is a contamination concern foooled surface¥.
That is, it would have a residence time longer than the age of the universe on a 100 K surface.
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Figure 2-17. Thruster plume off-axis scattering.

19 Etheridge, F. G., Garrard, G. G., and Ramirez, P., “Plume Contamination Measurements,”
Rockwell International, SSD84-0073, June (1984).

20 Allegre, J., Raffin, M., and Lengrand, J. C., “Experimental Study of the Plume Impingement
Problem Associated with Rocket Stage SeparatibrSpacecraftyol. 23, No. 4, pp. 368 - 372,
July - August (1986).

Arnold, G. S., Doi, J. A., and Sinsheimer, F. B., “Estimates of Environmental Interactions of
Contaminant Films from Titan IV Staging,” The Aerospace Corporation, TOR-93(3409)-3, 15
April 1993.

2 Fote, A. A., and Hall, D. F., “Contamination Measurements during the Firing of the Solid
Propellant Apogee Insertion Motor on the P78-2 (SCATHA) Satellite,” in Society of Photo
Optical Instrumentation EngineeShuttle Optical EnvironmenYol. 287, p. 95 (1981).

Carre, D. J., and Hall, D. F., “Contamination Measurements during Operation of Hydrazine
Thrusters on the P78-2 (SCATHA) Satellitd,"SpacecraftVol. 20, no. 5, p. 444 (1983).

#Lju, C.-K., and Glassford, A. P. M., “Contamination Effect of MMH/N204 Rocket Plume Product
Deposition,”J. SpacecraftVol. 18, no. 4, p. 306 (1981).
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2.4 Synergistic Effects

2.4.1 Photochemically Enhanced Deposition

As with many space environmegffectsthere is ofterthe possibilitythat synergistic interactions
between two omoreeffects mayesult in a total degradatidghat is greatethan thesum of its parts.
An excellent example is the interactibetweenthe solar UVand molecular contamination. On
orbit, illuminated solar arraygould bethought to béoo warm, (~ 60° C), tallow for the buildup of
molecular contamination due to the very short residence times anticipated for most contaminants, (« 1
s). However, it is well documented ithe laboratorythat the presence of UMight can cause
contamination to condense on surfatiest would otherwiseremain clead® Presumablythe UV
light initiates apolymerization procesthat either: i)binds the contaminamholecule tathe surface,
or ii) binds several contaminamoleculesinto a largermolecules with a correspondingly longer
residence time. It inow acceptethat thisphotochemical deposition process was responsible for an
accelerated degradation in solar array output noted oBRiSeBlock | satellitessigure 2-18* As a
result, even warm surfacegy be subject tthe deposition of contaminalatyers if theyare exposed
to the solalUV. The rate of photochemical deposition of contaminants is seen to increase as the
molecular arrival ratéecreasessigure 2-19° Consequently, the photochemical stickiugfficient
will increase as outgassing rates decrease. The stickefficient,SC is related to the impact rate,
IR (A/hr), by

logSC=-0.797log IR- 1156 Equation 2-34

The resultmay be a fairlfinear buildup of contaminatiomnd photochemical deposition may
continue to create problems long after outgassing rates have subsided wmlues. The
contamination relatedowerdegradation from th&PS Block | satellitedid notbecome noticeable
until afterabout 3 years on orbit. Ahis point in a mission thmajority of the outgassingas long
since ceased and contamination concerns, if not already apparent, have faded.

Another important consideratidor the case of photodeposited filmstise issue of contaminant
absorptance. As shown in Figure 2-20, laboratory investigations catfainphotodeposited films
may bemuch darketthan the“typical” contaminant film used in Figure 228. Consequently, when
estimating contamination effects on sunlit surfaces the use of the more pessimistic absprpfitarce
is advised.

Z stewart, T. B., Arnold, G. S., Hall, D. F., and Marten, H. D., “Absolute Rates of Vacuum-
Ultraviolet Photochemical Deposition of Organic Film$,’Phys. ChemVol. 93, No. 6, pp.

2393 - 2400, (1989).

Stewart, T. B., Arnold, G. S., Hall, D. F., Marvin, D. C., Hwang, W. C., Young Owl, R. C., and
Marten, H. D., “Photochemical Spacecraft Self-Contamination: Laboratory Results and Systems
Impacts,”J. Spacecraftvol. 26, No. 5, pp. 358 - 367, (1989).

% Tribble, A. C., and Haffner, J. W., “Estimates of Photochemically Deposited Contamination on the
GPS Satellites,J. SpacecraftVol. 28, No. 2, pp. 222 - 228, (1991).

% Hall, D. F., Stewart, T. B., and Hayes, R. R., “Photo-Enhanced Spacecraft Contamination
Deposition,” AIAA Paper 85-0953, 20th Thermophysics Conference, Williamsburg, VA, June
(1985).

% Judeikis, H. S., Arnold, G. S., Young Owl, R. C., and Hall, D. F., “Design of a Laboratory Study of
Contaminant Film Darkening in Space,” Aerospace Report No. TR-94 (4935)-3, 1 October 1993.

Arnold, G. S., and Luey, K., “Photochemically Deposited Contaminant Film Effects: Data
Archive, Vol. 2 - Appendices A through D.,” Aerospace Report No. TR-94 (4935)-13, 15
September 1994.
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Figure 2-18. Evidence of photochemically deposited contamination on GPS Block I.
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Figure 2-19. Photochemical deposition absorption ratio vs. impact rate.
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Figure 2-20. Absorptance profile of photochemically deposited films.
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2.5 Estimating End of Life Molecular Cleanliness Levels

In order to establishllowable contaminatiotevels for sensitive surfaces it is necessary to know:
i) how contamination will affect the performance of the spacecmafbsystem,and ii)what
performance degradation tlseibsystenctan tolerate. With this information it will lpossible to
quantify howmuch contamination theubsystentan tolerate. This igsually done for end dife
conditions, since a more stringent contamination limais costand schedule impacts, while lass
stringent limit may shorten mission life.

2.5.1 Solar Arrays

Using the solar output shown in Figure 2-2, the spectral response shown in Figui@eng-1ie
absorptance profile shown in Figure 2-20, (because fiisislent on a illuminated solar arrapuld
most likely be due to photochemical depositidhg resultingpower output is shown in Figure 2-21.
As shown, A 1% powemargin equates to roughly level A depending thre specific nature of the
contaminant. Note that the degradation due to photochemically deposited films, Figure 2-20, is much
greater than that associated with non-photochemically deposited films, Figure 2-12.

Level A B C E G J
Power (DC 704) 0.988 0.977 0.966 |0.944 0.893 0.764

R A

0.98 x———

Bisphenol
- DC704
—o— DEHP

0.96 -
0.94

Relaive 092 |
Power 0.90

Output 0.88 |

0.86
0.84 -
0.82
0.80

—>—— Squalene

107 10? 100
Contaminant Thickness ( pum)

Figure 2-21. Solar array power as a function of MIL STD 1246C cleanliness levels.

The preceding examplBas madéwo keyassumptionshat may or maynot be justified,
depending on the problem bénd. First, thepower degradation in Figure 2-12 is based on the
spectral response characteristics of a solar cell as specified in Figureardlla contaminant
absorptance profile as illustrated in Figure 2-20. If viabues forthe problem in question are
noticeably different, it may have an effect on the required surface cleanliness.

More importantly,the surface cleanliness requirement requires interpretation to understand if it
is viewed as an “averag&bntamination requirement dworst case”’contamination requirement.
The answer depends on the actual spacecraft design. A solar array is manufactured by connecting the
individual solar cells in series into a “string” of cells that produces the required voltage. Acsihgle
usually produces ~ 1 volt, whitbe spacecraftus requiresnuch more, (2&olts is typical for most
U.S. spacecraft). The number of cells istiéng, and the number of strings in the panelhésefore
determined by theowerrequirement.Because ofhe nature of solar cells, if a single cell isteng
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is degraded by contamination the power output of the entire string will be effected. Thapéy¢he
output from a singlestring of solarcells is governed by thvorst case” deposition othat string.
The power production from the entire array is simply the sum of the power produced by the individual
strings.

Consider thewo options illustrated in Figure 2-22. A solar arfidnat has its strings afolar
cells oriented parallel to the spacectafompresents &igh view factor betweethe spacecrafiody,
and all of its contaminatiosources,and one cell in eacktring. This design is vulnerable to
contamination as a single outgassing source could contaminate every string on the panel. Conversely,
a design which orients its strings perpendicular to the spacbomaftpresents &igh view factor for
the string nearest theody and a muchower one forthe string farthesaway. This option will be
much more tolerant to contamination since an outgassing soutbe wehicle would be expected to
deposit most of its contaminants on the string nearest the body, and proportionately less on the strings
furtheraway. Forthis reason, the end bfe surface cleanliness requiremehat isspecified for a
solar array must also factor in the orientation of the strings in order to be meaningful.

STRINGS STRINGS
PERPENDICULAR PARALLEL
TO BOOM TO BOOM

Figure 2-22. Solar array design options.

2.5.2 Thermal Control Surfaces

Consider the example of a thermal contsorface, assumed to be an optical solar reflector
(OSR), with an end of life/e requirement of 0.12. The data shown in indicate a contamirfedi®on
value for solar absorptance of 0.06. As shown in Figure 2-23, an end af/éifevalue of 0.12
equates to a contaminant thickness atfout 0.1 um, or surface cleanliness level Ghis
contamination requirement is interpreted as the “average” contamination value. The mailliator
absorbheat fromspace in proportion to its solar absorptaaod its area.Consequently, it may be
acceptable focertain portions of the radiator to be degrabeldwthelevel G requirement, provided
that the remaining portions of the radiator are clean enough to compensate for the dirty parts.

This result is predicated on surface reflectance as specified kigure 2-5and a nominal
contaminant absorptance profile as shown in Figure 2-6. Conseqtieistigsult is morapplicable
to surfaceghat are not illuminated by the SurJsing the photochemicallgepositedcontaminant
absorptance profile from Figure 2-20 would producgemter degradation ias for a given value of
contaminant thickness.
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Figure 2-23. Degradation of an optical solar reflector (OSR) with initiabis = 0.06 as a function
of MIL STD 1246C cleanliness levels.

2.5.3 Optical Surface Contamination

Consider the example of a visible sensor, composed of 3 refledtings, 2 transmissive lenses,
and afocal plane, operating in the 0.35 - 0.t waveband. We will assuntieat thesensoihas an
initial signal to noise ratigSNR) of10.0 andrequires a value of at least 9d acceptable operation.
The contaminant absorptance profile shown in Figurew6ld reducehe signal strength in this
waveband as shown in Figure 2-24.

D F H
0.980 0.966 0.929
Level A B C E G J
Signal 0.995  0.990 0.985 | 0.975 | 0.952 0.887
IR
098
096
Relative 0.94 +

Signal L
Strength gg2 |

0.90 +

0.88 T

0.86

102 101 100
Contaminant Thickness ( um)

Figure 2-24. Degradation in signal strength as a function of MIL STD 1246C cleanliness level
for a broadband visible sensor.

A signal strength reduction by 9.0/10.0 = 0.90 equatesstarface cleanliness requirementadiout
0.2um, or level H. Howevethis is a total contamination requirement to be distribbittveen all

2-29



Contamination Control Engineering Design Guidelines for the Aerospace Community

elements of the optical train. That is, the total contaminant thickness that the signal can traverse, and
still have the minimum required strength, is Qua. The signal will not care whethatl of the
contamination is present on the first optical elemenéwvanly dispersed oveall elements. As a
result, the requirement must be interpreiedore itcan belowed down to specifications. Evenly
distributing this requiremeritetweerthree mirrorsiwo lensesand afocal plane arraywould imply
an “average” surface cleanliness of u@/11 = 0.018um, or level A. (Notehat thefactor of 11
arises becauselight ray would have to traverse eatiirror surface twice, pluthe frontandback of
each lens. This is notecessarily physically accuratethmat theouter surface of a lens will usually
act as a contamination barrier, protecting theer surface ofthe lens and othesements
“downstream” in the optical train, from contamination which originates “upstream”.)
Obviously,the waveband of interesthe contaminant absorptance profilettat waveband, and
the design of the sensor @k a critical part of determining the contamination requirerfferitote
that, as illustrated irrigure 2-6and Figure 2-20, most contaminants are matesorptive in the
ultraviolentthan in thevisible orinfrared. For this reason, Usensors are much more sensitive to
contamination. It is not unusual for many sensors to go “blindhé&n UV before everleaving the
ground, due to the build up of contaminant filthat aretoo small tonoticeably affect visible or IR
operations. Thé&arth Radiation Budget (ERBnstrument on Nimbus &nd 7experienced a 45%
transmission loss ithe 0.3 — 0.44m waveband afteB.5 years on orbit. Similarlfhe Strategic
Aerosoland Gas Experiment (SAGE) instrument AEM-B experienced betweeb.5% and 11%
transmission loss in four wavebands between 0.385 and?®

2.6 Design Guidelines for Controlling Molecular Contamination

As summarized in Table 2-7, while many spacecraft elenaatsensitive to contamination, the
actual amount of contamination that element can tolerate is highly dependent upon its function.
As shown, UV sensor elements are the most sensitive to contamination, while IR sensor elements are
least sensitive. This Table ignores theeffects of particulate contamination, and thssue of
contamination controland should not be taken out of context. As will be seen in the next two
chapter,visible and IRsensors arextremely sensitive to particulate contamination. For these
elements, the required particulate contamindterls often drivéhe design of the entire spacecraft.

The effects ofmolecular contamination capest be controlled byninimizing the amount of
contamination that is: iyenerated, ii) transportednd iii) deposited on a surfaceThe effects of
contaminationwould also be reduced tiie absorptance profile of the contaminamse minimized,
but since this is rarely (if ever) an option it is not seriously discussed here.

As shown in Table 2-8, design options to minimize contamination fall into four categories:
materials, design, operatiorespd margin. Most organicmaterials on board a spacecredéin be a
source of outgassing. For this reason, simply choosing mathidaldo nogenerate many outgassed
by-products ishe simplest solutionDue tothe diversenature of materials on the vehicl&®TV
adhesives, cabling, wiring, paints,), eliminating all outgassing Emply not possible.However,
the mass properties list camovide information for pre-flight analysis to identify those materials
which will be expected to bihe greatestources. When possible, selectiagy outgassing versions
from a list of candidates can prevent mamgblems from occurring. Ithis is not an option, pre-

2" Chen, A. T., Abe, N.D. Mullen, C. R., and Gilbert, C. C., “Contamination Sensitivity and Control
of Optical Sensors,” Society of Photo-Optical Instrumentation Engin@pt&al Sensor
Contamination: Effects, Measurement, Contkabl. 777, pp. 97 - 126, (1987).

Ostantowski, J. F., “Contamination Sensitivity of Typical Mirror Coatings - A Parametric Study,”
Society of Photo-Optical Instrumentation Engine8acecraft Contamination Environmept
80, (1982).

% Mouldin, L. E., Ill, and Chu, W. P., “Optical Degradation due to Contamination on the
SAGE/SAGE Il Flight Instruments,” Society of Photo-Optical Instrumentation Engineers,
Spacecraft Contamination Environment, pp. 58 - 64, (1982).
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flight treatment of the materiahay be necessary to reditseon orbit outgassing. Vacuum baking
of materials will force outgassing to occur on the ground, rather than in spatceduce the amount
of volatilesthat will be generated on orbit. Becaud®s method iscostly and the materiabill

undoubtedly reabsorb watand other contaminanfsom the atmospherbetweenthe bakeout and

launch, it isused only when pre-flight analysis indicates ithis best systems level, (lowest cost),
solution.

Table 2-7. Summary of molecular contamination concerns.

Required Cleanliness

Affected Operational If Single If 5 Optical
Element Parameter Criteria Surface Surfaces
UV Sensot Signal < 10% Absorption ~ 0.05um ~ 0.004pm
Strength (0.2 - 0.3um) (Level B) (~ Level A/20)
Solar Array$ Power < 2% Power Loss ~0.015pum* N/A
Production (Level A)
Thermal Control  ade Ratio Adg < 2.0 initialag ~0.2um N/A
Surfaces (Initial OSRas = 0.06) (Level H)
Visible Sensor Signal < 10% Absorption ~0.2um ~ 0.04pum
Strength (0.35 - 0.9Qum) (Level H) (Level D)
IR Sensdr Signal < 10% Absorption ~1.5um ~0.3um
Strength (1.0 - 2.0um) (>> Level J) (~ Level J)

®assumes nominal contaminant absorptance profile - highly absorptive in the UV
Passumes darker, photochemically deposited contaminant absorptance profile
‘requires cryogenic surfaces that retain contaminants

Table 2-8. Design guidelines to minimize molecular contamination.

Materials Selection
Choose low outgassing materials for all applications, (adhesives, paints, coatings, ...)
Pre-Treatment
Consider vacuum bakeout of critical materials before installation in the vehicle
Design Locate vents and thrusters with minimal view factors to sensitive surfaces
Operations Ground

Insure good contamination control procedures during assembly and test, provide for
inspection and cleaning of sensitive surfaces

Flight
Allow time for on orbit bake out during early operations, provide cooler surfaces the
opportunity to warm up and outgas condensed films

Margin  Allow for degradation in both ground and flight operations

Although multi-layer insulation (MLI) blankets, paintand other materials on tlesterior
surfaces of a vehicle will be sources of outgassing, madseafutgassed mass originatesernal to
thevehicle wherghe electroniboxesandcabling are located. The mattbat isoutgassed interior
to the vehicle will undergo multiple scatteringsntil it can locate a ventpath andescape.
Consequently, the desigand location of the ventsand thrusters, are agually critical part of
contamination control. Designing a vehicletbat view factorsfrom possible spacecraft sources to

sensitive surfaces are minimal is straightforward, but does require a conscious efforpan th¢he
designer.

29 O0’Donnell, T., “Evaluation of Spacecraft Materials and Processes for Optical Degradation
Potential,” Society of Photo-Optical Instrumentation Enginegpacecraft Contamination
EnvironmentVol. 338, p. 65, (1982).
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The last stage in therocess, deposition, is rarely anythihgt the designer casontrol directly.
The fundamental chemical nature of the contamireamd, the nature of theurfacematerial and its
temperature, will control the deposition rate. This rate can only be indirectly affectedroyng the
surface, to minimize depositiorand keep them pointedaway from the Sun, to minimize
photochemical deposition. Obviouslhe missiorobjective must be considerelefore designing
these alternatives into a system.

Once the desighasbeen cast, ground operations \&tilll play an important role in determining
the surface cleanliness ohe vehicle when ready folaunch. Outgassing from test equipment or
surrounding facilities can contaminatesacecraft while it is being assembled. Periodic inspection
and, ifnecessary, cleaning will be requiredvirify beginning of life cleanliness level€nd oflife
performance cabnften be extendethrough proper on orbit flight operations. Allowingspacecraft
several days, or weeks, to outgass upsaching orbit,and before opening sensor covers, is one
means of insuring that contaminadissipatebefore sensitive surfacaseexposed. Cooled surfaces,
such as IR focablanes, can ballowed to warm up in an attempt tboil off” condensed
contaminants. However, this example would sulifeefocal plane to thermasdtresses, woultender
the sensouselesgluring theprocedureandwould require recalibration after the procedure. For this
reason it is viewed as a last resort option.

The final, andoften most critical, step that a design engirear take to ensure proper orbit
performance is to allocate a propeargin. As wehave seen, contaminant thicknesses on the order
of 0.1um are sufficient to cause noticeable degradation of many surfaces. The@foeegllocation
must be made fothe degradingffects ofmolecular contamination on most surfaces. The actual
value to be used will be dependenttbe nature of the surface, criticality of thebsystem, mission
objective, cosandschedule. As a general rule, the more sensitisgrface is to contamination, the
more costlyand timeconsuming it will be to insuréhat it performs properly on orbit. Providing a
generous margin, if possible, will minimize cost, schedule, and risk.
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3. Quantifying Particulate Contamination Level Requirements

3.1 Effects of Particles

By definition, particles arevisible (um-sized) conglomerations of matténat deposit onto
surfaces exposed tbe environment. In the colloquial sengmy aresimply “dust”. Particlegre a
natural part of the environment as is familiar to anywhe hasever dusted a mantlepiece or washed
a car windshield. Modeling a particle as a sphere of arbitrary size, as shown in Figure 3-1, we see
that the effect of the dust on the surface may be twofold.

First, the dust will preversomelight from
reaching the underlying surface. Some effects of
particulate  contamination  are therefore
proportional to thesurface obscuration, or the
percent areacoverage (PAC). Solar arrays,
thermal controlsurfaces,and optical surfaces
may all be degradedue to surface obscuration.
Secondly,the particlesnay scattetight off of
its original direction of travel. This is a critical
concern for many optical systems. Figure 3-1. A particle on a surface.

3.1.1 Surface Obscuration - Effects on Reflecting Surfaces

3.1.1.1 Optical Elements - Mirrors

The presence of particles on a reflectmgror will reduce the strength of the signiat is
reflected tothe next optical element. Normally, particlesuld be expected to haverather high
absorptivity, consequently amight from the signal which falls on piece of dustrather than the
actual mirror,will be lost to the opticabystem. The magnitude of thi®ss insignal strength is
therefore expected to be proportional to the fractional surface area that is obscured by the particles.

3.1.1.2 Thermal Control Surfaces

The presence of particles onttzermal controlsurface will havethe neteffect of altering its
effectivesolar absorptance and/emissivity> By design, many thermal contrslirfacesare chosen
to have alow value ofsolar absorptance. Particles, which would typically hav@gher solar
absorptancéhan theunderlying surface, woulblock somdight from reaching the radiator directly.
However, most of the obscured solar flux would be absorbed by the particles rather than reflected back
to space. As a result, the particlesuld seek aigher equilibrium temperatuthan thesurface on
which theyare sitting. The particlesould then radiate, andonduct, more heat to tterfacethan
they receive imeturn and the end resuwiould be an increase the equilibrium temperature of the
surface. By inspection, the change in solar absorptance due to particles is given by

a*=a,+Ad =qa ssurf_(l— PAC)+o( $pan( PAQ, Equation 3-1

or

! Hamberg, O., and Tomlinson, F. D., “Sensitivity of Thermal Surface Solar Absorptance of
Particulate Cointamination,” AIAA 71-473, 6th Thermophysics Conference, Tullahoma, TN,
April (1971).
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Aa s = PAqa s part a s surf_) ) Equation 3-2

whereds sut. and ds par. refer to the solar absorptance of the cleariaceand particles, respectively,
and PAC is the percent areeoverage ofthe particles. Similarly, particles will also change the
effective emissivity of a surface according to the relation

e =g+ =g, (1- PAQ +¢ ,,( PAQ, Equation 3-3
or
Ae = PACE 5. =€ pan) - Equation 3-4

Consequently, it is sedhat theeffectiveincrease in solar absorptance, emissiatyd equilibrium
temperature, (Equation 2.13), is directly proportional to®A€. Notethat thebiggest concern is to
be expected if black (highly absorptive) partickes deposited on white (highly reflective) surfaces,
or if white (low emissivity)particles deposit on blagthigh emissivity) surfaces. Most particulate
contamination is dust, witsomesand andsoil particles, especially out of doord.int, pieces of
thread, and hairsay also be present where peagle active.Most of these particleare a dullgray
havingos > ~ 0.5, > ~ 0.5, and areptically opaque. Gray particles would héitde effect on gray
surfaces.

3.1.2 Surface Obscuration - Effects on Transmitting Surfaces

3.1.2.1 Solar Arrays

Becausesolar cellsare non-imaginglevices, surface obscurationthé wavelengths of interest,
(~ 0.4 - 1.1um), is theonly effect of surfacearticles. At first glance it wouldppear that thpower
reduction would be exactly equal ttoe PAC of those particles.However,individual solar cells are
less sensitive to surface partictbatexpected. Experiments indicateat a 1%PAC produces only a
0.2% power loss, Figure 3-2. A PAC of ~ 2.2%was required to produce a I86wer loss. While
some ofthe particlesnay be partially tramsmissivthe majoreffect is believed to becattering
around the particles. Consequently, the power degradation is almost invariably less B#s@ the

As with molecular contamination, thedfect of surfac@article contamination on a string of solar
cells depends upon theanner in which the contaminationdsposited. If each cell in string is
equally contaminatethe overalleffectwill be as shown in Figure 3-2However, ifone cell were to
receiveall of the contamination thgower reduction will benuch greater. That is, if all of the
particles were collected to form a sheet obscuring 1#eoolar cell, @ower decrease dhe order
of 1% would be expectedThis isdue to thdact that thecontaminated cell nainly produces less
power, but also becomes a resistive load also, (neglecting tempefédatewhich can be important
if the cellsare not all at theame temperature). As discuss 2.5iofeport, string
orientation is important if the cells in that string are not equally contaminated.

2 Raab, J. HParticulate Contamination Effects on Solar Cell Performam¢é€R-86-2015, Rev A,
Final Report for F04701-83-C-0045, January (1987).
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Figure 3-2. Solar array power loss due to surface obscuration by particles.

3.1.2.2 Optical Elements - Lenses, Focal Plane Arrays, and Concentrated Optics

As with the optical mirror, any particulate contamination which resides on a lerfecal plane
arraywould preventhe optical element frotransmitting the signal anéduce its signal strength in
proportion to thePAC. A critical difference for most lensemdespecially focaplanes, is thathese
locations araypically wherethe signal from avide collectingarea, (the primary mirror), hdmen
focusedinto a much smaller cross sectioithe end result is that particulate contamination on the
final optical element, or théocal plane, will be much more damagitigan would particles on the
primary mirror. For example, if the primamnirror is 1 nf in area, but théocal plane isonly 10
cn?, the signal gathered by the primary mirror baen focussed by a factor i00beforereaching
the focal plane. Absorption athis last location igherefore 1000 times as damaging to the signal
strength. More importantly,because othe small size of modeffocal plane detector elemengsen
small particles, < fum in diameter, cablock one or more focallane pixels which are of treame
order. Thiseffectively blinds the pixel permanentlBecause ofthe magnification of théelescope,
even asmall particle on théocal planeblocks more othe signal thatmany large particles on the
primary mirror or lens.Since particles are comparable to the wavelerfgthmany IR sensorshey
can also scatter light to other pixels not directly obscured.

3.1.2.2.1 Additional Concerns for Focal Planes

If the partcle is even partially electrically conducting it mehort out one or more pixels unless
the focal plane is covered by a non-conducting filter, (which is often the case). As for particles on the
primary optical surface, mechanical or chemical damage is seldom a problem. It is possible for a
particle to produce ghermal problem since focaplanes for IR sensorgypically operate at low
temperatures (< 77 K). The cooling requirements for these focal plangpiaedly afew milliwatts.

If a particlewere to be located where it producetharmal “short” to a warmer senscomponent

close tothe focal plane, the refrigeratiomay be unable tmaintain thefocal plane temperature. |If

the focal plane is cooled by onboard cryogen, the result would be a reduced mission life. Incidentally,
molecular contamination, such as ice), can also thermal shorts near tHecal plane with similar
results.

While focal planes are nearlyalways protectedagainst external contaminatiothey are
vulnerable tanternal contamination. It igery important that alcomponents of optical sensors be
fabricated from materials which do not outgas, flake, or otherwise produce contamination. The
launch environmenmnay shake particldsose from someart of thesensor which coulthnd on the
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focal plane. While small particles adifficult to remove by “g” forces(it takes aorce several
thousand times the acceleration due to gravity to dislpdgsized particles), thpossibility should
not be overlooked.

3.1.3 Scattering

In addition to surface obscuration, whieffectively reducesignal strength, the presence of
particles on optical surfacesan induce other disastrocgnsequencemto an opticaltrain. By
design, aaffle isintended tablock extraneousignals fromoff axis sourcesind prevent thenfrom
being able to reacthe focal plane. Aperfectly absorptive surface would prevalit incident light
from the Sun, for example, from reaching the fgahe. Consider theffects ofdusting thissurface
with particlesthat arelessthan100% absorptive. If particles on an optibaffle are even partially
reflective they may scattéight from the Sun, (or othesff-axis source), baclnto the opticakrain.
Because ofhe large intensity of the Sun, 1350 WA, nif even asmall fraction of thisenergy were
scattered into the optical train and able to reach the focal plane it could be sufficient to overwhelm the
signal from the sensors intended targatl possiblyeven damagehe focal plane itself. For this
reason, keeping any surface within an optical element clean is of utmost importance.

As a first step in relatingurface cleanliness to surface scattering it is appropriate to emphasize
some ofthe key objectives obptical desigri. We first define strayight to mean lightfrom any
source othethan theobjectthat thesensor is interested in observing. Typicalhe biggest sources
of stray light for an orbiting sensor are the Sun, EarthMoah. A systentan be designed teject
straylight by forcing the strayjight out of the opticatrain, so that it cannot reach tHetector, or by
causing it to make the maximum number of reflectiofisof absorbing surfaces beforeaching the
detector. For example, lzaffle surfacewith a reflectance of 0.0fvould attenuate the signal by a
factor of (0.01) after n bounces.The amount of straljght radiation reaching aetector due to
scatteringoff asmall element of an internalrface, such as lzaffle or amirror, is theproduct of
three factors: i) the amount of radiation incident upon the surface, (the strength of thiigktray
source), ii) thaeflectivity of the surface fothe particular incoming anautgoing directionsand iii)
the projected solid angle of the detector as seen from the element.

The amount of radiation incident upon a givearface will be determined primarily by
operations. That is, thegeometry betweethe Sun and thebject ofinterest will determine the
amount of sunlight that can strikegiven location within théaffle, Figure 3-3. Fathis reason, one
requirement flowing fronthe design characteristics of the sensor will be an operational constraint on
the Sun exclusion angléand mssibly also arEarth/Moon exclusion angle). Surfaalectivity is
ultimately related to surface cleanliness. A surface with a reflectance of(@rDabsorptance of
0.99), will be a better attenuator of stigght when it is clearthan itwill be when dirty. When dirty
each and every particle of dust will act as a separate scattering source and will increase the reflectance
of absorbing surfaces. One challenge of stiigit analysis is to relate surface cleanliness
requirements to sensor designdoperational constraints. Finally, tipeojected solidangle of the
detector from a given element within the sensor is a facadrisfixed by design. Oncthe design of
the sensohasbeen fixed based dhe characteristics of the targahd theoperations geometry has
determined the strength off-axis sources, surface cleanlineemains the last barrier to ensuring
effective operations. This is seen as follows.

3.1.3.1 Mie Scattering

The firstsystematic study afcattering by larger particlesas done by Mi&. These studiewere
aimed at understanding the scattering by spherical, colloidal metal particles. Themestdts a
qualitative understanding of scattering by non-spherical partiatesreduce to Rayleigh’'s theory

% Race, L. B., personal communication from “Stray Radiation Analysis of the Brilliant Eyes Line of
Sight Pointing Mirror Assembly and Alternative Configuration Designs,” Rockwell
International, 21 September 1993.

* Mie, G., Ann. Phys., Vol. 25, no. 4, pp. 377 - 445, (1908).
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Figure 3-3. Geometry determines scattering on baffle surfaces.

when the spheres avery small. Rayleigh scattering ike name applied to the incoherent scattering
of light by particles of dimension smalldran thewavelength of thdight.> Mie theory showshat
the ratio of scattereenergy tathe incidentenergy intercepted tihe geometricatross section of the

particles is given by
w Equation 3-5
Z%gz (2j+1 |a | +|b| }

=1

wherea; andb; are functions of sphericlessel functionsind Hankel functions of the secorkind
with complex arguments.. This is illustrated in Figure 3-4.
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Figure 3-4. Ratio of scattered energy to incident energy as predicted by Mie theory.

® Rayleigh, J. W. S., Philos. Mag., Vol. XLI, pp. 107 - 120, (1871).
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Ford/\ << 1 the behavior i=d(\)*. This is theRayleigh scattering which accounts fbe blue color
of thesky. Ford/A ~ 1 the scatteringross section oscillates between al@dt and 4.Qimes the
geometrical cross section, so that Mie theory is necessary for partithes sifeand larger.For d/A

greaterthan about 3,the scatterednergy is not strongly dependent anand themethods of
geometrical opticare used. Experimentabservations of scatteririgpically indicate fairly good
agreement with Mie theofy.

3.1.3.2 Bidirectional Reflectance Distribution Function (BRDF)

Based on conservation of energlyd momentum, a perfectly smooth surface would satisfy the
conditionthat the angle oincidences, is equal to the angle of reflecti@). Because no physical

surfacecanever be perfectly smoothjl realoptical devices will have surface imperfections due to
cracking, pitting, or particulate contamination. Qiffect ofthese imperfections is to scatter a small
fraction of the incident light at angles othitlan 6, = 6,. One measure of the scatter of optical

components is the bidirectional reflectance distribution func{®RDF), which isthe scattered
surface radiance divided biye incidentsurfaceirradiance’ BRDF is afunction of many variables
and is defined by

dL,®,,9,:6,,0, E, Equation 3-6
BRDF = f,(6,,¢,6,,0,) = S dl.q()e. (p_(;) ),

whereL (W n2 srl) is the scattered radiance measureddatet) andl; (W/m?) is the incident

irradiance from @, @) as illustrated in Figure 3-5. The unitsRRDF are srl. Intuitively, BRDF
can bedefined as the ratio of the scattepever measured by a detectothie incidenpower on the
sample, divided by the projection of the solid angle of the detector on the sample surface.

Closed form solutions for BRDF are difficult to obtain, but there is general agretraeBRDF
can be deconvolved into three independent terms. That is,

BRDF = |:)\ |:0 |:s Equation 3-7

whereF, is the wavelength, or spectral, factor given by

B k? _@n 1 1672 Equation 3-8
T TE W T A

® Schade, H., and Smith, Z. E., “Mie Scattering and Rough Surfakeslied OpticsVol. 24, No.
19, pp. 3221 - 3226, (1985).

" Bartell, F. O., Dereniak, E. L., and Wolfe, W. L., “The Theory and Measurement of Bidrectional
Reflectance Distribution Function (BRDF) and Bidirectional Transmittance Distribution
Function (BTDF),” Society of Photo-Optical Instrumentation Engindeasliation Scattering in
Optical Systems/ol. 257, pp. 154 - 160, (1980).

Nicodemus, F. E., “Directional Reflectance and Emissivity of an Opaque Suriqq#iéd Optics
Vol. 4, No. 7, pp. 767 - 776, (1965).

Nicodemus, F. E., Richmond, J. C., Hsia, J. J., Ginsberg, I. W., and Limperis, T., “Geometrical
Considerations and Nomenclature for Reflectance,” Department of Commerce, PB-273 439,
October (1977).
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Figure 3-5. BRDF geometry.

F, is the optical factor, which includes information about the surface madedgieometryandF is
the surface factor, which includegbe measure afurface roughnessThe form offF, and Fs vary
depending on ththeory used to obtaithem?® Because noeal materials osurface finishesanever
reach their theoreticalalues experimental measurements BRDF are relied upon imost
applications. Emperically, BRDF is seen to agree with the expression

inGS—Sirﬁimn BS_BJﬂ‘ Equation 3-9
BRDF =b 0=b 0,

or equivalently

B _B-|D Equation 3-10
logBRDF = logb + mloghg
0 001

whereb, is the angle of scattering, is the angle of incidence (usually 0° in a test configuration),
is the observed slopeandb is the BRDF when sinf — sin6, = 0.01. For smooth surfaces, is
typically between —1 and —-3.

In practice, the theoretic®RDF cannot be reached even for non-symmedglescope designs.
Figure 3-6 showsvhat haseen achieved faright sensors which habeen built. It is seethat off-

8 Beckmann, P., and Spizzichino, Ahe Scattering of Electromagnetic Waves from Rough Surfaces
Pergamon Press, (1963).
Davies, H. O., “The Reflection of Electromagnetic Waves from a Rough Surfaoce,”"|IEEE Vol.
101, p. 209, (1954).
Wolfe, W. L., “Induced Angle Invariance in Surface Scatter,” Society of Photo-Optical
Instrumentation EngineerScatter from Optical Componenigol. 1165, pp 10 - 17, (1989).
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axis (non-symmetric) designs cachieve lower BRDF values dhe expense of design and
fabrication complexity. These measurements were on oéaars under controlled conditions and
were achieved by super-polishing techniques. It will be ntled achieving thesdow BRDF
numbers require an almost-perfedtror figure, which is easier done if tmeirror is to beused at IR
wavelengths.
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Figure 3-6. BRDF measurements for selected space sensors.

Often aBRDF of 10* at an angle of 1°, (i.e., thaf axis source is 1° out dhe sensors field of
view), istaken as the idealized gdar reflecting telescopesThe smaller th@/D ratio, the ratio of
the wavelength to the telescope diameter, the easier this is to attain if the primary mirrpetfiest a
figure. However,the smaller th&/D ratio, the more difficult it is tachieve even with an almost
perfect figure. Considerindpat small\/D ratios increase signal to noise radiod also dramatically
increase sensor weight, the sensor designer has a serious optimization problem.

As will be seen, even a little contamination thie mirrorwill increase itsSBRDF dramatically.
Especially, ifthat contamination cascatter light. This igspeciallytrue for particles, bueven a
small amount of molecular contamination will increaseBRDF of a goodnirror (however, if the
mirror figure is bad, it takes more contamination of &nyd to make itworse.) In essence, the
presence of contaminantion acts to alter the surface fagtofhe presence of particles, or molecular
films, will increase the surface roughnessl,consequentlythe BRDF. It should be pointed othat
BRDF values add linearly. That is,

BRDE

total

= BRDE

mirror

+ BRDE, am - Equation 3-11

Beyond about 8%ff axis, the scatter is dominated by dust, sotface roughnes$. Because of
difficulties associated with manufacturing ideal surfa®RDF values for "perfect" surfaces can
rarely be lesshan 106 at 1°. Machinedurfaces may be ithe range 1® to 103 at 1°, while a

° Bennett, H. E., and Porteus, J. O., “Relation Between Surface Roughness and Specular Reflectance
at Normal Incidence,J. Opt. Soc. AmVol. 51, No. 2, pp. 123 - 129, (1961).
Elson, J. M., and Bennett, J. M., “Relation Between the Angular Dependence of Scattering and the
Statistical Properties of Optical Surface,'Opt. Soc. AmVol. 169, No. 1, pp. 31 - 47, (1979).
9 Dowling, J. M., Hills, M. M., Arnold, G. S., Kan, A. K. A., “Contamination Effects on
Surveillance Telescopes,” The Aerospace Corporation, TR 93(3935)-14, 22 October 1993.
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complete optical train may be more on the order of 40 1°. Notethat theBRDF valuegequired of
a completed opticalrain must be decoupled in order to identifye requiredsurface cleanliness
requirement for individual surfaces.

3.1.3.2.1 Point Source Transmittance (PST)

BRDF is closelytied to sensor performance characteristics. For example, one measure of sensor
performance is Point Sourdgansmittance (PST). PST is defined as the fraction of the signal
strength from an off-axis point source that is transmitted to the focus of the optical train. The relation
between BRDF and PST is

0 0 Equation 3-12
U 0
psT=— 195 9 BroF,

BE ° 3 el

whereL is thefocal length of the opticatrain, D is the aperture diamete®, (rad) is the angle
between the normal and the point source,sisch parameter thatries from 1, for typical optics, to
2, for superpolishednirrors. Consider the example ofsaace-borne sensor, suchthe Hubble
Space Telescope, that is pointing at a faint star cltis¢lies within afew degrees of &right object
such as the Sun. The fractionesfergy fromthe Sun thateaches théocal plane will be the product
of the total solar output, 1350 W#mand thesensor PST. The PST valumd consequently the
BRDF value, would have to be quisenall in order fothe reflected solaradiation not taoverwhelm
the faint signal from thetar cluster, or possiblgven damagéhe sensor itself.This places a dual
constraint on both the Sun exclusion angle (tiieimum angular separatidmetweenthe Sun and
objects of interest) and surface cleanliness levels.

3.2 Quantifying Particulate Contamination

3.2.1 MIL STD 1246C

As with molecular contamination, surface particle cleanliness is quantified by MIL STD 1246C,
Table 3-1 andrigure 3-7. Thesurface cleanliness is specified bynamerical value, which is
interpretted as the size, i, of the largest particle that has average distribution of one pef.ft
Larger particlesvould occur less frequentihan once per ft, while smaller particles occur more
frequently. Emperical observations indicdlet particlesize distributions on surfaces exhibit a
geometric mean nearpin, and are described by the relation

logN(x) = C’[Iog2 X - log? 4 Equation 3-13

whereN(x) is the number of particlesffgreaterthan orequal tox, x (um) is the particle sizeX, is

the surface cleanliness levelnd C’ is a normalization constant approximated in Mi& STD by
0.9260. It is important to notthat thevalue ofC’ is based on measurements of precision cleaned
parts and igsherefore representative of cleaned products. As shown in TabléaBe2Figure 4.8),

the coefficientsthat were measured on uncleaned surfaces in a variety of cleanrooms disagree
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Table 3-1. Particulate contamination as quantified by MIL-STD-1246C.

Cleanliness Particle Count Count Count
Level Size (um) per ft—2 per 0.1 nT? per Liter
1 1 1.0 1.08 10
5 1 2.8 3.02 28
2 2.3 2.48 23
5 1.0 1.08 10
10 1 8.4 9.07 84
2 7.0 7.56 70
5 3.0 3.24 30
10 1.0 1.08 10
25 2 53 57 530
5 23 24.8 230
15 3.4 3.67 34
25 1.0 1.08 10
50 5 166 179 1,660
15 25 27.0 250
25 7.3 7.88 73
50 1.0 1.08 10
100 5 1,785 1,930 17,850
15 265 286 2,650
25 78 84.2 780
50 11 11.9 110
100 1.0 1.08 10
200 15 4,189 4,520 41,890
25 1,240 1,340 12,400
50 170 184 1,700
100 16 17.3 160
200 1.0 1.08 10
300 25 7,455 8,050 74,550
50 1,021 1,100 10,210
100 95 103 950
250 2.3 2.48 23
300 1.0 1.08 10
500 50 11,817 12,800 118,170
100 1,100 1,190 11,000
250 26 28.1 260
500 1.0 1.08 10
750 50 95,807 105,000 958,070
100 8,900 9,630 89,190
250 214 231 2,140
500 8.1 8.75 81
750 1.0 1.08 10
1000 100 42,658 46,100 426,580
250 1,022 1,100 10,220
500 390 42.1 390
750 4.8 5.18 48
1000 1.0 1.08 10
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Figure 3-7. MIL STD 1246C surface particle cleanliness levels.

Table 3-2. Measured surface cleanliness values from various cleanroom facilities.

Source CoefficientC’
MIL-STD-1246C 0.926
NASA/KSC 0.311
Aerospace Corp./KSC 0.380
Martin Marietta/KSC 0.315
TRW Factory 0.354
JPL/Eastern Test Range 0.557
Average 0.383
Std. Dev 0.101

significantly from the value of 0.9260 assumed by M STD! For uncleaned surfaces a
coefficient 0f0.383 may agree bettavith observationsThat is, the particldallout from the air
produces a size distribution weighted toward large particles, while surface cleaning ffeties

at removing large particlabansmall particles. Consequently, when usinghHe STD to specify
cleanliness levels it isnportant to limit itsuse to surfacehat have been cleaned after exposure to
fallout. Notethat the metricequivalent to Equation 3-13, whelgx) is defined as the number of
particles per 0.1 frgreater than or equal to x, is obtained by adding a second variable to the equation

logN(x) = C’[I092 X - log? 4+ C Equation 3-14

where C” has thevalue 0.03197N(x) is related to thdrequency functiomn(x), defined as the
frequency of particles of sizeper n, by the relation

" Hamberg, O., “Particle Fallout Predictions for CleanroomsEnv. Sci.Vol. 25, No. 3, p. 15,
(1982).
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e Equation 3-15
N(x) = [ r(x) dx.

X

Note that while air quality can be added linearly, surface cleanliness cannot.

3.2.2 Percent Area Coverage

The geometricaPAC of a particle on a surface is simpllge area of that particlgiewed
normally tothatsurface, divided by the area of the surface. The RA& of a collection of particles
is simplythe sum total of the ardar each particle, assumirlyat particles do not lie on top of each
other.

In principle, thePAC should be discernible from the number densityfrequency function, of
particles on a surfaceHowever,attempting to derivehis informationfrom Equation 3-14oroves
difficult, asthis equatioractually predicts negative numbers of particles for sizes sntladlar1pm.
That is, theMIL STD was apparentlintended to describéarger particlesand will require
modification forPAC calculations?

As shown by Kelleythis modification can be obtained by assuminfyemjuency function of the
form

n(x) = K(X) f(X, Equation 3-16
subject to the constraints
e Equation 3-17
I f(x)dx=1,
0
the statement thdfx) is normalized, and
Equation 3-18

Ixf(x) dx=1pum
0

to agree with observationibat indicate ayjeometric mean in the size distributioear 1um. The
solution tof(x) which satisfies these constraints is

0 In? xO Equation 3-19

£(x) :;expg =

wherea = 0.3578andb = 2.4866. (Noteahat theconstants are determined both by a need to match
the constraints in Equation 3-Bhd Equatior8-18,and by aneed to match thelope ofthe MIL
STD particle distribution for larger particles.) By definition,

2 Barengoltz, J. B., “Calculating Obscuration Ratios of Contaminated Surfat&SA Tech. Briefs
Vol. 13, No. 8, Item 2, August (1989).
Kelley, J. G., “Measurement of Particle Contaminatidn3pacecraftvVol. 23, No. 6, p. 641,
Nov. - Dec., 1986.
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Equation 3-20

N(X) = KEX)f 13 dx

From Equation 3-14X; will retain its definition from the MIL STD only if
N(X,) = 10¢ =11 Equation 3-21
Combining the previous two Equations, it is seen that

11 Equation 3-22
K(X) =5

If(x)dx

If we assumeéhat particles can benodeled as spheres of diametgthe totalsurfacearea of particles
on a surface is given by

Equation 3-23

° . Owx*0
A =[n(X X.
part.
[P
The fractional surface area, BAC, is therefore given by

o Equation 3-24
PAC= (10‘12)% K(X)[ F(3 X dx N

where the factor of 1 is needed to covettie units of from pm to m. Evaluating the integral it is
seen that the expression fBACreduces to

PAC - (95X 10—12) K( )(1) ’ EquatIOﬂ 3-25

and, from Equation 3-19 and Equation 3-RPX;) reduces to

22
erfc%{niga
576

This analysismodifies the results oMIL STD 1246C as shown in Figure 3-8The original
expression foN(x), Equation 3-14, has been modified to the form

Equation 3-26
K(X,) =
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Moag X. [ Equation 3-27
logN(x) = C'[Iog2 X —log’ ﬂ+ IOgBIonglH

where the last term approaches z&nolargeX; and largex. Surface cleanliness as a function of
PACis illustrated in Figure 3-9. As shownPAC of 1% equates to surface cleanliness level of about
500.

PRODUCT CLEANLINESS LEVELS

107
106
10°

# of Particles
per ft2>D 104
103
102

10t

100 200 300 500

Particle Diameter ( um)

Figure 3-8. Surface cleanliness levels with the inclusion of submicron sized patrticles.

100%

10% -+

Percent
Area
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0.1%

200 400 600 800 1000 1200
Surface Cleanliness

Figure 3-9. Percent area coverage as a function of surface cleanliness.

Based orthe relationshipetweenPAC andsurface cleanlinesthe PAC may be estimated by
counting particles of various sizes on the surface in question as shown in TaBle 3-3.

3Ma, P. T., Fong, M. C., and Lee, A. L., “Surface Particle Obscuration and BRDF Predictions,”
SPIE Vol. 1165Scatter from Optical Componenfsp. 381 - 391, (1989).
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Table 3-3. Calculating particle percent area coverage.

Particle Size Particles Percent Area
Range per 0.1 nf X Coefficient = Coverage

>1 - 10um x 1.737 x 10° =
>10 - 25um x 1.528 x 10’ =
>25 - 50pm x  7.078x10" =
>50 - 100um x 2.435 x 10° =
>100 - 150um x  5186x10° =
>150 - 250um x  7484x10° =
>250 - 500m x  6522x10° =
>500 - 7504m x 1048100 =
>750um x 1.922 x 10 =

Sum all values to obtain total percent area coverage

3.2.2.1 Additional Concerns

In reality, theeffective PAC due to a collection of particles is a function of viewing angle and
wavelength. If the relevaniewing direction is nohormal to the surface, or is an integratmrer
many angles, theffectivePAC may be affected, especiallytife particles are not spherical which is
usually the case. Also, any directional properties of didace itself must be taken into
consideration. Similarly, if the particles are not large compared to the wavelengths of interest, the
effectiveobscuration will be lesthan thegeometrical obscuration of the particl€his isusually the
case. Since the surface characteristics are nearly atiegsisnined by howhe surface interacts with
electromagnetic radiation, these aiguallythe major areas of conceridowever, ifthe particles
interact mechanically, (e.gabrasively, like rocket exhaust), or chemically, (e.g., like an acid etch),
with the surface, thesfactors may beparamount. In the usual case, the particlesdeposited
gently, by fallout from thair, and do not interacthemically with the surfaceBecausdhe particles
have values afis ande which differ from those of the underlying surface, #fiectivePAC is usually
the parameter of interest.

3.2.2.1.1 Directional Effects

The directions at which electromagnetic radiation arrives sawes a surfacare different for
different spacecraft surfaces. For solar cell arrays, the electromagnetic radiation, (sunlight), is usually
normal to the surface. By orienting the solar cells in this way the maximum electrical power output is
attained. However, spinning spacecraft withbody mounted solar cellare exposed tosunlight at
various arrival anglesThis angulardependence must be taken into account in evalueffegtive
surface particle contamination since such particles, usually ahestirregular in shapgend do not
necessarily project the same geometrical cross sections in different directions.

Spacecraft radiato@re generally placed whetteey donot view the Sun andavhere they have a
clearview of space. For a Lambertian surfabe effective PAC would beindependent of direction
only for spheres, because emissivigs acos0 dependence, (witB being the angle relative to the
surfacenormal). While many dust particles are quasi-sphergmaheare fiber segments wittvd,
length to diameter ratio, > 10. The orientations of such fibers generally averaneiargle, but if
the radiator is a send surfacemirror, which has a non-Lambertian the fiber effects may not
average out.

Some optical sensors have exposedrors, gratings, lensedaffles, etc. whichare very
directionally sensitive to the incoming electromagnetic radiation. In additi@y, are usually
designed to accommodate that radiation from different directions. Whether the contaminating surface
particles actiffusively or specularlyuponthatfraction of the incoming radiation whidhey reflect
can be as important as how large that reflected component is.

In practice, theonly practical way todeal with the directionakffects of surfaceparticle
contamination is to measure the performance of the sensitive spacecraft components, (usually these
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are solar cell panels, radiators, or optical sensors), avith wihout contamination present. It is
usually toatime consuming to try to calculate such directicefédcts except isimple casesand the
required input parameters for the surface particles may not be available. This conclusion is reinforced
once the other effects, wavelengths and composition, are considered.

3.2.2.2 Wavelength Effects

The wavelengths of interefir spacecrafareusually 0.4 — 1.1um for solar cellsand 0.5 — 20
pum for radiators. In addition, ultraviolet lighensors may operate ab< um and RF antennas at >
1000pum. For comparison, the particles of interest generally lie in the 0.5 grBQfiameter range.
Thus, the particles have dimensiaight in themiddle of the range of theavelength of interest.
This means that Mie scattering effects must be considered.

3.2.3 Bidrectional Reflectance Distribution Function (BRDF)

3.2.3.1 The Effects of Particulate Contamination on BRDF

Mie scattering theory can be used to reBRDF to surfaceleanliness levels as shown in Figure
3-10 for 10.6 um wavelengtlt! BRDF increases as surface contaminatievels increaséecause
each particle is able to scattaght awayfrom the desired angle of reflectioNote that more exact
calculations oBRDF predict roughly doubléhe value obtained from Mideory™® This emphasizes
the fact that thescatter from a smootimirror may dominated bthe scatter fronsurface particle¥’
Typically, BRDFmeasurements of materials are measdiegttly in thelaboratoryand arded into
stray light analysis programs such as APART/PADE for systems level arfAly&is.this reason, it is
often suggested that BRDF be used as the direct measundaafe cleanlinessather tharMIL STD
1246C.

Young, R. P., "Low-Scatter Mirror Degradation by Particulate Contaminat@ptjtal Eng, Vol.
15, no. 6, pp. 516 - 520, Nov. - Dec., (1976).
15 Johnson, B. R., “Exact Calculation of Light Scattering from a Particle on a Mirror,” SPIE Vol.
1754,0ptical System Contaminatippp. 72 - 83, (1992).
Johnson, B. R., and Arnold, G. S., “Radiation Scattering from Particulate Contaminated Mirrors,”
Aerospace Report No. ATR-94 (7281)-1, 1 March 1994.
16 Spyak, P. R., and Wolfe, W. L., “Scatter from Particulate-Contaminated Mirrors. Part I: Theory
and Experiment for Polystyrene Spheres and0.06328.m,” Opt. Eng, Vol. 31, No. 8, pp.
1746 - 1756, (1992).
Spyak, P. R., and Wolfe, W. L., “Scatter from Particulate-Contaminated Mirrors. Part 2: Theory
and Experiment for Dust ardd= 0.632um,” Opt. Eng, Vol. 31, No. 8, pp. 1757 - 1763, (1992).
Spyak, P. R., and Wolfe, W. L., “Scatter from Particulate-Contaminated Mirrors. Part 3: Theory
and Experiment for Dust ardd= 10.6um,” Opt. Eng, Vol. 31, No. 8, pp. 1764 - 1774, (1992).
Spyak, P. R., and Wolfe, W. L., “Scatter from Particulate-Contaminated Mirrors. Part 4:
Properties of Scatter from Dust for Visible and Infrared Waveleng®t,” Eng, Vol. 31, No. 8,
pp. 1775 - 1784, (1992).
7 Arizona’s Paraxial Analysis of Radiation Transfer/Program for the Analysis of Diffracted Energy,
Breault Research Organization.
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Figure 3-10. BRDF as a function of surface cleanliness at 1(ué wavelength - Mie theory.

BRDF values at 1° for verglean surfaceare listed inTable 3-4. These values must be added to
the BRDF forthe clearsurface to obtaithe totalBRDF for adirty surface. BRDF as aunction of
radiation wavelength is shown in Figure 3-11. The decreasing values of BRDF at larger wavelengths,
for a given angle, are due to tfaetthatmore of the particle lies in tHeayleigh scattering region (
> r) where the Mie scattering cross sections are smaller than their geometrical cross sections.

Table 3-4. Approximate BRDF at 1° due to surface particles - Mie theory.

Surface Level Fractional Area Obscured BRDF at 1°

115 3x10° 1x10*

145 1.2 x 10° 3x10*

165 2.3x10° 5x 10*

195 5.0 x 10° 1x10°

250 1.5 x 10* 3x10°

280 2.2 x10* 5x 10°

330 4 x10* 1 x 102

10'1 T
------- 5 micron
R — — — — 10 micron
BRDF 102 + \\\\ 20 micron

(sr)

10°%

104

6, - 6, (deg.)

Figure 3-11. BRDF as a function of wavelength for a level 300 surface - Mie theory.
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3.2.3.2 The Effects of Molecular Contamination on BRDF

In many circumstances molecular contaminatimay also be a source sfattering. One reason
thatmolecular contaminatioaffectsthe BRDF of amirror is that themoleculesend to form clumps
on the mirror'ssurfacerather thardepositing themselves in a smooth lay&he tendency to clump
is the result of thdact that the contaminamnoleculesare usually more strongly attracted to each
otherthan to the mirromolecules. Thus, a mirror withmolecular contamination wilbok spotty if
examined in detail.

There havébeen relativelyfew experimental studies of theffects ofmolecular contamination on
mirror BRDF since, in general, particulate contamination is a far more serious problem. At the same
time, scatter from molecular films is difficult to analyze theoretically, difficult to evaluate by simple
observation,and difficult to correct:® Williams and Lockie exposed &iC mirror to dusand,
separately, to hydrocarbon diffusion pump aild compared the contaminat&RDF readings to
those of the clean surfate As indicated by Figure 3-12, dust degraB&DF bythe largest factor at
larger angles while oil degrades tB&RDF by bylargest factor at smaller angles. Williams and
Lockie did not quantify the contaminatidevels after exposinghe mirror to a “contaminating”
environment, but Somers and Muscari report no change in BRDF up tprf.¢1CVCM2°

100 :

Oil

10t T
BRDF :
(srt)

102 :

103 T

104 i

105 1 1 1 1 1 1 1 1 !

6, - , (deg.)

Figure 3-12. Experimentally determined BRDF change of a contaminated SiC mirror.

The Arnold EngineeringDevelopment Centehas examined theffects of condensed gases on
cryogenic surfaces. BRDF measurements on an 18 K surface were obtained for filmsiof:N,,
0,, H,0, COQ, CO, and Ar. BRDF measurements on a 68 K surface were obtained fooffiliigO,

18 Bousquet, P., Flory, F., and Roche, F., “Scattering from Multilayer Thin Films: Theory and
Experiment,”J. Opt. Soc. AmVol. 71, No. 9, pp. 1115 - 1123, (1981).

¥'williams, V. L., and Lockie, R. T., “Optical Contamination Assessment by Bidirectional
Reflectance Distribution Function (BRDF) Measureme@ptical Eng, Vol. 18, No. 2, pp. 152
- 156, (1979).

20 somers, R., and Muscari, J. A., “Effects of Contaminants on Bidirectional Reflectance Distribution
Function,” Society of Photo-Optical Instrumentation Enginegps,cecraft Contamination
EnvironmentVol. 338, pp. 72 - 79, (1982.)

2 Seiber, B. L., Bryson, R. J., Bertrand, W. T., and Wood, B. E., “Cryogenic BRDF Measurements at
10.6um and 0.63um on Contaminated Mirrors,” Arnold Engineering Development Center,
AEDC-TR-94-16, February (1995).
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RS12M polycyanateesin, Nusil CV2500 Silicone, Solihane 113/C113-300 Urethand RTV 560
Silicon. As shown in Figure 3-13, therwess little effect on BRDF for venthin layers of HO.
However, as the film thickness increased beyopth3here was a two order of magnitude increase in
the visible scatter. This effect isattributed to a shattering or fracturing of the contaminant film
surface’? This fracturing isobserved to occumear 20 Kfor water (ice) films. Similar effects are
noted for other cryogenic films.

100 ¢
101
BRDF ;42 i H\‘\*\A\‘ Clean
(sr) —O— 0.77 microns
103 + —&— 1.88 microns
—o— 2.95 microns
10+ , —4— 4.11 microns
05 | %
106 by —— 1 b |
0 2 4 6 8 10
6; - 6; (deg.)

Figure 3-13. Effect of HO deposition on 16K mirror BRDF - 10.6um.

3.3 Generation, Transportation, and Deposition

3.3.1 Air Quality: FED STD 209E

The buildup of particles on aurface is directly related tthe amount of particles in the
surrounding air. Viscousdrag will balance the fall of particles under the influencgralvity, but
overtime moreandmore particles will fall out of the atmosphere oeigosed surfaces. FED-STD-
209E definesir quality in terms of the maximumallowable number of particlgser cubic meter, or
cubic foot, ofair. In Sl units, the name of the aliass is taken from thiease 10ogarithm of the
maximumallowable number of particle®,5 um and larger, petubic meter. In English units, the
name of the class is taken from the maximallowable number of particle®,5 um and larger, per
cubic foot. The concentration limits are approximated by

2 Equation 3-28
particles / mi =10" wg ,

.2
particles / ff = Ncwg :

22 Arnold, F., “Degradation of Low Scatter Metal Mirrors by Cryodeposit Contamination,” Arnold
Engineering Development Center, AEDC-TR-75-128, Octrober (1975).
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whereM is the numerical designation of the class in S| wmi$N, is the numerical designation of

the class in English units. Class limits are illustrated in Figure &atiZable 3-5. Class 10,000 (M
5.5) cleanrooms are typical of most spacecraft manufacturing cleanrooms. Nominal inguiiitial
air may be clas8,500,000, (M 8), oworse, while class 100, (18.5), laminarflow benches may be
required forthe assembly of sensitive optical components. Niote airclass is specified iterms of
the maximum allowable. Air quality in operational cleanrooms is generally well below maximum.

(m)

Particle Concentration

(t9)

107 ’f\
F 100,000
10,000 10°
g 108
£ TS 1,000 104
E 10 b SN
§ AN 100 N \ \ 108
S 10¢ ¢ NN
3 i N - 102
£ : \ S
=109 ¢ N N
i N . N 10!
102 } } L y
101 100 102 102
Particle Di ameter (pum)
Figure 3-14. FED STD 209E air quality classifications.
Table 3-5. Air quality as defined by FED-STD-209E.
Class Limits
0.1pm 0.3pm 0.5pm 5um
Air Class Volume Volume Volume Volume
Sl English _ (m3) (ft3) (m3) (ft3) (m3) (ft3) (m3) (ft3)
M1 350 9.91 30.9 0.875 10.0 0.283 - -
M 1.5 1 1,240 35.0 106 3.00 35.3 1.00 - -
M 2 3,500 99.1 309 8.75 100 2.83 - -
M 2.5 10 12,400 350 1,060 30.0 353 10.0 - -
M3 35,000 991 3.090 875 1,000 28.3 - -
M 3.5 100 - - 10,600 300 3,530 100 - -
M4 - - 30,900 875 10,000 283 - -
M 4.5 1,000 - - - - 35,300 1,000 247 7.00
M5 - - - - 100,000 2,830 618 17.5
M 5.5 10,000 - - - - 353,000 10,000 2,470 70.0
M 6 - - - - 1,000,000 28,300 6,180 175
M 6.5 100,000 - - - - 3,530,000 100,000 24,700 700
M7 - - - - 10,000,000 283,000 61,800 1,750

As shown in Figure 3-15, emperical
particles onto a horizontal surface, (the floor), is given by

dN(5um,t) - CpN 0.773

dt
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107 o

106 4

Particle Fallout
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105 - -

+95%
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104 ¢ - "
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Figure 3-15. Particle fallout rates as a function of air cleanliness.

wherec andp are normalization constant$y . is the number of particles >&n in size per ft of

air, anddN/dt, the fallout rate, is interpreted as the number of particlegim Settled peunit area
perday?® Thecoefficientc is chosen for consistency withe desired units. The valoe= 1 is used
if dN/dtis measured in particles per squeetper day, whilghe valuec = 1.076 is used fIN/dtis
measured in particles per 0.1 square metersdpgr Suggested values fpr as a function of
cleanroom characteristics, are listed in Table 3-6.

Table 3-6. Air quality parameters for various air classes.

Air Characteristics Criteria p
Still or low velocity air < 15 air changes/hr 28,510

Normal cleanroom 15-20 air changes/hr 2,851

Laminar flow bench air velocity > 90 ft/min. 578

Integrating Equation 3-28ivesthe total number of particles >fn present on a surface as a
function of time,

N(5um,t)= cpN.*""t. Equation 3-30

From the definition of air quality, Equation 3-28, it is seen that

_ 52 Equation 3-31
=L

% Hamberg, O., “Particulate Fallout Predictions for Clean Rood&hv. Scj pp. 15 - 20,
May/June (1982).
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Inserting Equation 3-31 and Equation 3-30 into Equad@7 allows one to solve fparticle surface
level as a function of exposure time in a given air-class envirorfthéffie expressionfor surface
cleanliness, (in English units), becomes

Oog X, O Equation 3-32

Iog((O.OanNCOWSt) _ C'[(Iog )(1)2 _ (IOg 32] + IogD log5 ET

Solving this expression gives surface cleanliness as a function of time as illustrated in Figure 3-16.
Note that particlebuildup on vertical surfaces should be about 1/1thef horizontal value while
downward facing surfaces may see a buildup of only 1/100 the horizontal value, Figure 3-17.

Horizontal Upward Facing Surface - Normal Air

1000 _ ———"AirClass

T « 100,000

.- ‘/X 10,000
. — X -\ 1000

Surface o 100
Cleanliness 100 :  — //_/ T \ i

Level T
i 1 week 1 month 1year

10

10° 10t 102 108

Exposure Time (days)

Figure 3-16. Horizontal downward facing surface cleanliness - normal air.

Vertical Surface - Normal Air
1000

_——— AirClass
— .-+ X 100,000

""" !\/ 10,000
1000

-—
-——
—
-

Surface / ) \
Cleanliness 100 f o - - \ 100
Level -
_— 7 1week - - lmonth 1year 10
10 ‘ | |
100 10% 102 103

Exposure Time (days)

Figure 3-17. Vertical surface cleanliness - normal air.

%4 Buch, J. D., and Barsh, M. K., “Analysis of Particulate Contamination Buildup on Surfaces,”
Society of Photo-Optical Instrumentation Engine@gtical System Contamination: Effects,
Measurement, ContrpVol. 777, pp. 43 - 54, (1987).
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Horizontal Downward Facing Surface - Normal Air

1000 '
Air Class
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10,000
Surface \
Cleanliness 100 - \ 1000
Level \ 100
- —
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10° 10t 102 103
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Figure 3-18. Horizontal downward facing surface cleanliness - clean air.

Based upon Equation 3-32, #lays in clas400,000air will produce level 445 on horizontal
upward facing surface. Vertical surfaa@sexpect to receive about 108te buildup of horizontal
upward facing surfaces, (or level 275), whilerizontal downward facing surfacesn expect to
receive about 1% as much, (or level 165). Scaling these resuttis fbass, which is lineagndpre-
launch time willyield the expected surface particle levels, whaite non-linear, at launchBecause
the air in any given facility will be perturbed by the day to day operations, it is appropriate to estimate
particle levels on spacecraft surfaces prior to launch using Hamberg’s statistical relatibesihges
particle air class and particle surface level, Figure 3-15.

An example of the magnitude of surface degradatiam anoptical sensor may encountduring
assembly, tesand launch iprovided in Table 3-7. As shown, good housekeeping practices alone
(class 10,00@ir) canrarely provide beginning-of-life surface cleanliness values bigtéerlevel 550
unless plans are made to clean shefacesduring launch-processing operationReducing on-orbit
contaminatiorbelow level450 will require stricter attention to detail, such as limigxgosure to
class 1000 or bettexir. Finally, reducing beginning-of-life surface cleanlinestow level300 will
require neaheroic contamination control measures. As a benchmarklubble Space Telescope
primary mirror requirementvas level300, while the externaurfaces othe spacecraftiere level
950.

3.4 Particle Redistribution During Launch and On Orbit

Most particles areeposited on surfacesiring ground operations-owever,these particles may
be released on orbit by nomirgdacecraft operatiorendallowed to redeposit on sensitive surfaces.
On unmanned spacecrafthis may occur due tarticulation of solar arrays, thermal
expansion/contraction, the releasecovers, etc. Omanned missions, like the shuttle, venting and
water dumps may generate particles. Sudden collisigihsmicrometeorites or orbital debris may
also dislodge particlesndcould also generate new particles frive impact site. Regardless of the
source, particles released on orbit may interfere with optical operations.

3.4.1 The Shuttle Launch Environment

Consider the example of the Shuttle. For virtuallyspacecraft, it is possible to quantify the
expectedpre-launch and launcinduced contamination levels(This information isdiscussed in
Chapter 4.) The particlabat aredepositedduring ground operationsay be redistributeduring
launch and/or on orbit operations. Optical measurements taken by a photometer in the Shuttle bay
having a 32° field ofview during STS missions 2, 3, 4nd 9reported particles duringvery
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available viewing opportunitgiuring the first 13 hours of a missiéh.After about 24 hours on orbit

the particleviewing ratedecayed to a quiescetate ofabout 500 particles of size > {@n per orbit.

Other experimenters have reported detecting 1100 particles from 4 hours of data taken early in the
Spacelab 2 mission (STS-548) The particlesvere slow-movingand hademperatures in the range

190 to 350 K. As expectethe size distributiomvas in agreement witthat observed athe shuttle
preparation facilities.

Table 3-7. Sample surface cleanliness calculations.

Surface Patrticle Level

Exposure Air Quality
Sensor Location Time 100 1000 10,000

Manufacturing n/a 100 100 100
Telescope Assembly

Focal plane integration 1 week 130 195 290

Assembly alignment 2 weeks 165 145 355

Install covers 1 week 180 270 390
Spacecraft Assembly

Integration 3 months 245 360 510
Test

Subsystem tests 4 months 285 410 535

Thermal vacuum tests 1 month 295 420 537

Final preparations 1 month 300 430 538
Launch Processing

Inspection/check out 1 week 302 433 539

Load propellant 1 week 304 435 540

Vehicle closeouts 1 week 305 437 541

Install in launch vehicle 2 weeks 307 440 542

Ready for launch 1 day 307 441 542
Launch

Ascent 10 min 320 445 545
Initial On-Orbit Checkout

Instrument deployment 2 weeks 325 450 550

3.4.2 Micrometeoroid & Orbital Debris Impact

Because spacecraft travel at extrentegh velocities, ~ 8 km/s is typical for circuldow Earth
orbit, collisions with evesmall pieces ofmatter can have disastroosnsequences. In support of the
shuttle program, studies of micrometeoraitiorbital debris (MMOD) impact have fouridat small
MMOD, which are numerous, able to dislodge large particles from surfaces qgdtgly but do

% Clifton, K. S., and Owens, J. K., “Optical Contamination Measurements on Early Shuttle
Missions,” App. OpticsVol. 27, No. 3, p. 603, (1988).

% Simpson, J. P., Witteborn, F. C., Graps, A., Fazio, G. G., and Koch, D. G., “Particle Sightings by
the Infrared Telescope on SpacelabR,Spacecraftvol. 30, No. 2, p. 216, (1993).
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not, in general, remove submicron-sized partitiesarger MMOD, which aréess frequentareable

to remove botltarge and smalparticles. However, because tfie nature of théypervelocity impact
particles will be generated by the backsplash of material from the crater produced by the impact. It is
predictedthat 5.7 x 18 particles of sizex 5 um would be liberated frorthe surface ofthe shuttle

each day by MM impact alone. Conversely, between 6.9 arid 1.4 x 10particles of sizex 2 um,

or 2.0 — 3.3 x 19particles> 10 um in size, would be generated fratre crater backsplash. If OD
impacts are factored in, (the OD environment is a function of altdndenclination)these numbers

may increase significantly for certain orbits.

3.5 Estimating End of Life Particle Cleanliness Levels

3.5.1 Solar Array Contamination

As shown in Figure 3-2, the actysdwerdegradation from a contaminated solar array is seen to
be lessthan thePAC. This is presumably becausthe particles do scatteomelight into the
coverslide itselfratherabsorbing itall or scattering iback to space. In any case, a p#wer
degradation due to particles equates to a 2.ZR®&. This PAC in turn equates to a surface
cleanliness of level 520, Figure 3-9. As will be seen in the next setttisiis sufficiently dirty to be
easily seerduring pre-launch inspection. We ctrerefore concludéhat thislevel of pre-launch
contaminationwould be seermandremoved befordlight. Giventhat the particldevels deposited on
orbit should be small enough to be of concenly to optical sensorgarticulate contamination
should not produce any noticealpiewer losses on orbit. Consequently, asla almost the entire
contamination budget for a solar array may be allocated to molecular contamination.

3.5.2 Thermal Control Surface Contamination

As shown in Equation 3-&4nd EquatiorB-3, the change iage due to particles is a function of
PAC. While experimental values of temperature increase due to surface particle contamination are
not found in the open literature, a little calculat&howsthat theeffectwill be small. Consider an
extreme case whethe emissivity of aradiator is altered by the particles.lfan= 1 andepar. = 0, it
can be shown that a surface particle level of ~ 650 will be required to increase the temperatyre by 1%
Table 3-8. The other extremould becontamination withey.«. = 1 on a surface whichas a low
emissivity, €gean~ 0.1 isabout as low as.ean Canreasonably be fanfrared wavelengths). In this
case, it can be showhat asurface particle level of ~ 45@ould berequired to have a 1%iffect on
radiator temperature, Table 3-9Faceyand Nonnenmacher report thdéck particles oright
surfaces appear to have to haveeffiective emittance of approximately 0.50, not £%0.This is
presumably due tthermalconductance betweehe particle and thsurface. This impliesthat the
surface particle levels whetiee 1%effect would benoticed can be raised to ~ 7@bd ~ 600for the
two casegust discussed, respectively. It is notadt theeffect of dark contamination on a light
surface is to lowethe temperature. This caause problems the contaminatiocauses a fughnk
to freeze, for example.

Additionally, problemscan arise due to mismatch of solar absorptance. Adaik,
contamination on a lightolored surface would lead to undesirabigh temperatures. Here gean
can be asow as0.05, whilegyean cannotexceedL.0. If the contamination has pa« = 1.0 theeffect
on the temperature of@assive sphere will be as shown in Table 3-10. A surface particle level of ~
350 is required to increase the temperature by 1%. This confirmfdhthat effects onsolar
absorptance are usually more critical than effects on emissivity.

27 Barengoltz, J., “Particle Release Rates from Shuttle Orbiter Surfaces due to Meteoroid Impact,”
Vol. 17, No. 1, p. 58 (1980).

B Facey, T. A., and Nonnenmacher, A. L., “Measurement of Total Hemispherical Emissivity of
Contaminated Mirror Surface,” Society of Photo-Optical Instrumentation Engirgtesg,Light
and Contamination in Optical Systenvol. 967, pp. 308 - 313, (1988).
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Table 3-8. Effect of white € = 0) particles on a dark € = 1) radiator facing deep space.

Percent Area Coverage Effective Emitting Area
Particle Level (PAC) (1 PAC) ATIT,
200 0.0002 0.9998 -5 x 10°
300 0.0008 0.9992 -2 x10*
400 0.0026 0.9974 -6.5 x 10*
500 0.0080 0.9920 -2 x10°
600 0.025 0.975 -6 x 10°
700 0.053 0.947 -1.3 x 10°
800 0.11 0.89 —2.75 x 107
900 0.20 0.80 -5 x 102
1000 0.36 0.64 -9 x 102

Table 3-9. Effect of black ¢ = 1) particles on a light € = 0.1) radiator facing deep space.

Percent Area Coverage Effective Emitting Area
Particle Level (PAC) [0.1(1 —PAC) + 1(PAC) ] ATIT,
200 0.0002 ~0.1 +5 x 10°
300 0.0008 ~0.1 +2 x 10°
400 0.0026 0.102 +6 x 10°
500 0.0080 0.107 +2 x 107
600 0.025 0.123 +6.2 x 102
700 0.053 0.148 +1.3 x 10t
800 0.11 0.199 +2.7 x 10t
900 0.20 0.280 +5.0 x 10°
1000 0.36 0.424 +8.9 x 10°

Table 3-10. Effect of black @s = 1) particles on a light {15 = 0.05) radiator facing the Sun.

Percent Area Coverage Effective Absorptance
Particle Level (PAC) [0.05(1 -PAC) + 1(PAQ) ] ATIT,
200 0.0002 0.05019 +9.5 x 10*
300 0.0008 0.05076 +3.8 x 10°
400 0.0026 0.05247 +1.2 x 10°
500 0.0080 0.0576 +3.8 x 102
600 0.025 0.0738 +1.18 x 10!
700 0.053 0.1004 +2.52 x 10!
800 0.11 0.1545 +5.23 x 10!
900 0.20 0.240 +9.50 x 10!
1000 0.36 0.392 +1.71 x 18

The effects ofcontamination on thermal control coatings tldepends on the nature of the
surfaceandwhether or not ifacesthe Sun, asvell as uporthe differences inos ande between the
coatingand thesurface. Since most contaminatioasas ~ € ~ 0.5, theeffectsare notsevere unless
particle levels become high, > ~ 600. It is also important tothatevhile effective values ofis or €
may change, the ratio of/s may remain usabfé.

29 Adlon, G. L., Rusert, E. L., and Slemp, W. S., “Effects of Simulated Mars Dust Erosion
Environment on Thermal Control Coatings,"SpacecraftVol. 7, No. 4, pp. 507 - 510, (1970).
Dyhouse, G. R., “Martian Sand and Dust Storms and Effects on Spacecraft Coatings,”
SpacecraftVol. 5, No. 4, pp. 473 - 475, (1968).
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Because #AC of a fewpercent should be visibleeforelaunch]section 4.2.3]1, oneanassume
that beginning ofife particle levels fothermal controkurfaces correspond to surface obscurations
of, at most, dew percent. A degradation /e of a fewpercent should not be noticeable foost
surfaces as end of lile/s margins arausually more orthe order of 100%or critical surfaces. In
general, particles shoulgose no crediblghreat to thermal controburfacesand their entire
contamination budget may be allocated to molecular contamination.

3.5.3 Optical Surface Contamination

As was previously discusseatg effect of PAC on optical surfaces is to redusignal throughput.
This effect becomes more pronounced as one moves through the optical train to the focahplene,
the concentrated signal candmmpletely absorbed bysingle particle sitting atop a pixel. Bwoid
this problem, optical elements arfey the mostpart, enclosed sthat external contamination cannot
reach the innesurfaces.This isdone through a combination of desigmd bybagging the elements
andconnecting them to a filtered purge when not in udewever,this still leavesthe firstsurface
vulnerable to both surface obscurataord scattering. Scatterimdfects,which are not important for
solar arrays or thermal contrelirfacesare often paramount hereNot only doescattering degrade
the image quality, but (for strong off-axis sources) may mask it completely.

Recallthat theBRDF is ameasure of thability of amirror or a lens to discriminate against off
axis sourcef, section 3.1]3.BRDF can have aalue of 10° sr* to 10* si* at 1°,for clean high
quality surfaces, Figure 3-6.This can easily be degraded to FOsr' or worse at 1° by
contamination.. It is seen thittiese particle levelarefor lowerthanthose which produce 1#fects
on solar panels or thermal contsulrfaces, evennder extreme conditions. It should be mentioned
that surface roughness of optical surfaces is also importaBRDF. Lower quality surfaces may
have BRDF values of 10 sr' at 1°, (oreven5°), when clean. It takes correspondingly more
contamination to affect the off-axis rejection of poor quality surfaces as compared to goodgdatias.

Once theBRDF requirement for an optical senseasbeen establishedhe amount ourface
particle contamination which can be tolerated on the primary surface can be estimated. As Figure 3-6
shows, even clean off-axis sensors have trouble achievifigrtat 1°, with 10° or 102 being more
typical. Therefore, unless the mission requirementsratteer relaxedyery few particles can be
tolerated. Attaining and maintaining such requirements on orbit is difficult.

Consider the example of a sensbat isviewing a target an anglé off axis from the Sun,
(Figure 3-3. Because the PST of the sensor will be nonzenme ofthe energy fronthe Sun will be
scattered onto to thiecal plane. (This is the definition of PST.) As shown by Equation 3-12, the
number of photons reaching the detector will be a functi@uidéce cleanliness, (BRDF), as well as
the anglebetweenthe Sun and theptical axis. The purpose of the detectorfamal plane, is to
convert the light from the signal into electrons. These signal electrons are stored in a capacitor in the
focal plane forsome predetermineidtegration time that isecessary to build ughe signal strength
to a levelthat can insureletection with ahigh level of probability. During the processing of the
signal, the signal will be “contaminated” with electrons freaurces othethan the signalcalled
noise. A detailed discussion afl noise sources ibeyondthe scope ofthis work, but an example
calculation of noise terms is shown in Table 3-11. The critical parameter in optical design is the
signal to noise ratio. If the “usual” noiseurcesare supplemented by noise, (stray light), from the
Sun, the strength of the noise will increase and the signal to noise ratio will decrease.

Consider the example of a sensor with a primmairor having an area of 1%ma L/D ratio of
2.0; operating in the 1.95 — 2.@n waveband. We assurtteat the initialSNR for an undefined
target, given the noissources listed in Tabl8.10, is 10.0. (This will ensurdetectivity of the
signal.) By inspection, the number of focal plane electrons, (noise), generated by off-axis scatter from
the Sun is approximated by

Equation 3-33
STHAL,

I:II%I:I

— DSA)\
ne, OAS — A pierE
A
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Table 3-11. Sample noise calculations for an arbitrary sensor.

Noise Souce Focal Plane Electrons
Background 200
Clutter 100
Johnson 100
1/f 30
Readout 250
ADC/Preamp 175
Total Noise 855

(without off-axis scatter)

whereApixe|(m2) is the area of the primary mirror thaintributedight to a single pixel, (equal to the
area of the primary mirradivided by the number of pixels in thiecal plane array)Sw (W m?) is

the solar intensity in thevaveband of interest, PST is defined by Equation 3j1i&,the fraction of
solar radiation reaching the focal plane that produces an electrofyt srithe integration time of the
sensor. It is easily se¢hat in thewaveband of intere, is 10 W m? andE, = 9.91 x 10°° J3°
For this example we will arbitrarily assume: the number of pixels is 256 x 2Bl = 15.26

x 10°m% s=1.5;n = 0.5; andAt = 1 x 10° s. Utilizing these parametemnd theBRDF values
provided in Figure 3-10, the signal to noise ratio of the detector, as a function of cleaantidefs
axis angle, is illustrated in Table 3-Bahd Figure 3-19. With a Sun exclusion angle of 30° the
surface must be kept at cleanliness level ~ 200 or better to maintain a signal to noise ratio of ~ 8.0. If
the surface idirtier than this, the Suexclusion angle must increase. If thaface is cleaner, the
Sun exclusion anglmay decreaselncreasing the area of the primary mirrbfD, or the integration
time of the sensor will relax the cleanliness requirem@my, raising the minimumvalue of
cleanliness required), for a fixed value of SNR. (Unfortunately, theséogiptions invariably add
massandvolume tothe sensoand are noélways viable optionsSimilarly, the sensor integration
time must be kept small enough to avbidrring of the imageandwill be fixed depending on the
processing requiremengnd operational constraints of thgystem.) Converselincreasing the
number of pixels in théocal plane or increasing theurface polish othe mirror, (thevalue ofs),

will make the cleanliness requirement more string@ytlowering the minimunvalue of cleanliness
required.)

Notethat there are &amily of curves, as shown in Figure 3-19, for various surface cleanliness
valuesand Sun-exclusion angleshat canensure a minimunSNR value isnet. For this reason,
when specifying surface cleanliness for an optical safomrequirement must be tied to oty
sensor design characteristics, (waveband of intdrd3t,s, minimumSNR, ...), but also operational
constraints, (signal strength, Sun-exclusion anglgeso that the requiresurface cleanlinesievel
may be properly identified.

Table 3-12. SNR increase due to particulate contamination.

Off-Axis Angle (deg.)  Surface Cleanliness Off-Axis Electrons Signal to Noise Ratio

15 100 333 7.20
300 33,285 0.25
500 374,455 0.02
30 100 18 9.79
300 1,821 3.20
500 27,313 0.30
45 100 1 9.99
300 178 8.28
500 2,231 2.77

30\Wolfe, W. L., and Zissis, G. JThe Infrared Handbogkd Ed., Office of Naval Research,
Washington, DC (1985).
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Figure 3-19. SNR increase due to particulate contamination.

3.6 Design Guidelines for Controlling Particulate Contamination

As shown in Table 3-13, the amount of particulate contamin#tiahaspacecraft element can
tolerate is highly dependent upon its function, as well as spacecraft nabgctivesandoperational
constraints. In general, concerns foe effects ofparticulate contamination on the performance of
optical elements drive contamination control for the spacecraft. Particle cleanliness letresnfiat
control surfaces or solar arragee,even in worst case scenarios, significantly relaxed in comparison.
In most cases, particulate contamination tbermal controlsurfacesand solar arrays can be

controlledbelow critical levels bypre-launch cleanings so that the entire contamindiiaiget for
these surfaces may be allocated to molecular contamindfidiis is definitely not the case for optics, however.)

Table 3-13. Summary of particulate contamination concerns.

Element Affected Parameter Operational Criteria  Required Cleanliness
IR Sensor Signal to Noise Ratio SNR > 8.0 200°
Thermal Control absorption os~ 0.05 350
Surfaces emittance £~0.05 450
£~1.0 650°
Solar Arrays Power Production < 1% Power Loss 520

*ased on the design/operational constraints of the example in Table 3.12.
bassumes worst possible mismatclujror € between contamination and surface

As with molecular contamination, tlegfects ofparticulate contamination can be minimized by
minimizing the amount of contamination that isg@nerated, ii) transportednd iii) deposited on a
surface. As shown in Table 3-14, design options to minimize particulate contamination fall into the
categories: air quality, design, operations, and margin.

Becauseparticulate contamination during ground operationsiltsnately related back to air
quality, maintainingsurfaces in as clean an environment as possiblemiilimize the buildup of
particles on a surface. Because iin feasible tomaintain an entirespacecraft in a class 10
environment for long periods of time, it is usually accepiedsensitive surfaces will be covered and
maintained in theirown mini-cleanroonenvironment untilneeded. By covering, or bagging,
sensitive componentndconnecting them to theawn filteredair supply they willnot beexposed to
the usual “dirty” environment of thessemblyarea. When needed, thesemblycan bemoved to a
laminar flow bench or other clean afea removal from itsovers. Maintainingsensitive surfaces in
an environment free from contamination sourcei&ly, but willminimize inspectiorand cleaning
costs downstream.
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Table 3-14. Design guidelines to minimize particulate contamination.

Materials Choose paints, coatings, etc. that do not flake or chip

Design Orient sensitive surfaces facing downward during launch

Operations Ground
Insure good contamination control procedures duing assembly and test, provide
for inspection and cleaning of sensitive surfaces
Flight
Allow time for launch related particles to disperse before opening covers on
sensitive surfaces

Margin  Allow for degradation in both ground and flight operations

Although it is usuallyonly optical systemshat aresensitive to particulate contamination, the
entire spacecraft design must reflélois sensitivity. Particles carried aloft on other parts of the
vehicle may dislodge, floatround, andedeposit on sensitive surfaces afsamch. Consequently,
care must be taken to minimize particulate contamination omsuafaces. As with molecular
contamination, providing fosometime after reaching orbfor particleswithin the launch shroud to
dissipate can help.

Finally, the last step ireffective contamination control islways margin. Providing for a
significant differencebetweenthe amount of contamination that therfacecan tolerateand the
amount of contamination thanalysis predicts will be deposited, will minimize rigahd enable
operations even if on orbit performance is below pre-flight worst case predictions.
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4. Contamination Control

Once the cleanliness requiremént a surfacénasbeen quantifiedthe issudbecomesCan this
level of cleanliness benaintained andverified?” |If a surfacecan tolerate a large amount of
contamination no special procedures, otttem pre-launch visual inspectioand cleaningmay be
warranted. In the other extreme, analys&yindicate that the requiredeanliness level io clean
to be maintained on orbit. Thvgould forcethe program to relax the contamination requirements by
either: a) redesigning the hardware, or b) altering the mission operations profile. In most cases, the
required cleanliness level ligsetween theséwo extremesand can be maintainaxhly through
enforcement of the proper contamination control processes and procedures.

The sectionshatfollow provide adiscussion of the various methati&t can baised to prevent,
detect,and remove contamination from sensitive surfaces, as well as methodelfm maintain
surface cleanliness. These sections may be tailored to sgeoifiamobjectivesand utilized in a
contamination controplan as part of theverall contamination control effort. Finallthe specific
case ofthe Shuttle Orbiter examined in orderpimvide the designer with el for the type of
environment a spacecraft will be exposed to during launch processing and early on orbit operations.

4.1 Preventing Contamination

To be effectivethe contamination contrgrocess musdtart with conceptual desigmndproceed
through on orbit operations. There areasiety of stepshat thedesigner can take to minimib®th
the contamination generated bgubsystenand theeffects ofcontamination on aubsystem. Often
these steps impose no added effoth program and casimplify problemsduring the latestages,
when solutions are more costly and time consuming.

4.1.1 Spacecraft Design

4.1.1.1 Configuration

The space vehicle design must reflect amderstanding of the importance of minimizivigw
factors between outgassing soureesl sensitive surfaceand tofacilitate inspectiorand cleaning,
where possibleThe majority of the outgassing mass generated $paae vehicle originatesterior
to the vehicle, from blackoxes, cabldarnesses, wire bundles, etc. HEpace vehicle configuration
should provide venpaths thadirect contaminantawayfrom sensitive surfaces. Thrustéhat are
part of thepropulsion and/or attitude determinatiand control subsystems may also be a source of
contamination. In order of decreasing risk: solid fuel, liquid bipropellant, liquid monopropellant,
and cold gasthrustersmay all poserisks to sensitive surfaces. The design shaueltect an
understanding of this concern by minimizing view factors between thrusters and sensitive surfaces.

4.1.1.1.1 Honeycomb Panels

Honeycombpanel should be vented to the interior of the vehicle. From there the exhaust
products should be conducted to well defined spacecraft vents, as discussed above, for release.
Honeycomb panel may require vacuum baking, if supported by program specific analysis, to minimize
the quantity of outgassed products.

4.1.1.2 Materials and Processes

All parts, materials ang@rocesses should be reviewaad approved before useExamples of
commonly used spacecraft materials which may be a source of contamination are listed in
Table 4-1. The quantity and outgassing characteristics of these items should be documented.

! Borson, E. N., “Contamination Control Documents for Use in Statements of Work and
Contamination Control Plans for Spacecraft Programs,” The Aerospace Corporation, TOR-
93(3411)-5, 30 September 1993.

4-1



Contamination Control Engineering Design Guidelines for the Aerospace Community

Table 4-1. Examples of potential sources of molecular contamination.

Assembly/Application Outgassing Source

Adhesives Epoxies, silicones, acrylics, ...

Conformal Coatings Polyurethanes, epoxies, silicones, ...

Encapsulation/Potting Polyurethanes, epoxies, silicones, ...

Small Hardware Acetates, acetals, polyamides, phenolics, ...

Structural Components Epoxies, polycarbonates, polyurethane, polyamides, polyamines,
flourocarbons, ...

Tapes Polyesters, fluorcarbon acrylics, fluorcarbons, polyamides, ...

4.1.1.2.1 Metals

Metallic surfacesare typically not a source of significant contamination, m#y become a
source of both outgassimgndparticulates if allowed to corrode. To prevéns, cadmium, zinc and
unfused electrodeposit¢ith, and dissimilar metatiombinations as defined by MIL-STD-889, should
be avoided. Metallic materials should be corrosion resistant suitably protected from corrosive
environments.

4.1.1.2.2 Non-Metals

Materials used in flightand qualification unit hardwareshould be selected tminimize
outgassingand should, in general, not include any which have a TML exceeding 1.0 percent or
produce CVCM in excess 06f1 percent when tested in accordance with ASTM E 595, or equivalent.
Deviations from this rule may be granted if: i) no materials which perform the intended function and
pass the screening test are available, or ii) it can be shown that the amount of mass outgassed by these
materials is insignificant in comparison withat generated by other sources. In these cases vacuum
baking should be used to the maximum extent feasible to precondition the material. Materials used in
large quality or irclose proximity to sensitive surfaces, etieroughthey meethe TMLand CVCM
requirements, should be analyzed thoroughly to ensure the maintenancgnofim contamination
levels.

Note that materials that are peanently housed in hermetically sealed contaireges not
required to meet outgassing requiremerttwever,the possibility ofcontainer fracture or leakage
must be evaluatednd shown not to be single point failure. Similarly, materials which fail the
outgassing requirements, but areercoatedwith a material thatdoes meethe requirements, are
considered acceptabletife overcoat is shown to preveait outgassing. Thpossibility of pinholes,
chipping and othemechanisms for overcoat failure leakage should be evalaattshown not to be
a single point failure.

Whenever feasibleall hardware should beacuumedduring assembly to removparticulate
contamination from theurfaceand, as far ateasible, fromthe materials interior. Materials which
require baking should be baked aftheir lastexposure to molecular contamination, lubricants,
machining oils, etc.andbeforeintegration with more temperature sensitive components. Materials
should be baked at &sgh atemperature as thegan tolerate tepeedthe migration of outgassing

components to the surface. Materials are tbdleed at a temperature at Ieas‘fCL(}nigher than the
highest temperature to be experienced thereafter. Baking should be continued until acoketter
lessthan I nanogram/cr#ihr for 24 hours. Athis time witness plates should be exposetl the
baking continued for at least 24 hours more.

4.1.1.2.3 Processes

Assemblyand integratioshould be performed in controlled work areasnimintaincleanliness
at all times. Opticaklements should not lexposed inareas less cleattan Class 100 Further,
exposure times for these surfaces should be minimized.

At the time of integration, each detail subassembly should beésibly free of particulate
contamination to thdevel specified. Each partshould be free of oilsand othemolecular
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contaminants at the start asembly; preferablgll partswill have been vacuum bakedthts point

unless otherwise required. Existing joints shouldctreered to preverthe entrance of chips and
debrisduring subsequent operations. Parts drilledassembly should be separated, deburred and
cleaned prior to actual assembly. Cleaning shall consist of such operations as vacuuming, dry wiping,
solvent wiping, or ultrasonic cleaning, as applicableretoove shop oileand other contamination.

Any shaking, blowing, drilling, or deburring operations which generate or transfer particulates should
be done outsidéhe cleanroonassemblyareas and prior to the integration of theyload with the
satellite.

Visible particulate or other contamination should notabewed to accumulate on assemblies
during integration, anghould be removed whenever detected. Suitable removal methods include
vacuuming and/or blowingdry wipingand solvent wiping. The objective is tominimize the
accumulation of contamination in joints and recesses where it might evade final cleaning.

Every effort should be made to avoid performiagticle generating operations, (drilling cutting,
turning of screws or bolts, etc.), ithe presence of a clean surface. If such operations must be
performed, a suitable vacuuming fixture must be used with each tool to collect the particles generated.

All rivets, bolts,nuts, washersand similarfastenersand hardwareised in integration should be
free of any oils, greases, etc., which fail to mibet required outgassing standards. Oil or grease
lubricated fasteners should be cleaned by an approved sawenmethod prior to use. All
assemblies incorporating lubricated fasteners or upon which operations requititsg fdubricants
have been performed must be subsequently vacuum baked to remove all outgassing products.

When subassemblies gqrarts are transported fromless controlled to a better controlladea,
they should be inspectexhd cleaned to the requirements of the cleapast to beexposed in the
more highly controlled area.

Coversand bags should be used toaintain cleanliness during transportation andtmrage.

Outer coversand bags should be inspected for integidlyd removed inthe anterooms just prior to
cleanroom entry. If only one cover or bageésuired, its outer surface should be vacuumed, and
wiped if required, just prior to cleanroom entry. Inner covers and bags should remain in place, except
when partial orcomplete removal is essential ttoe accomplishment of operation$hey should

remain inplace as late into the operation jassible without causing undue interference to the
operations.

In controlled workareas, a cleanroom-qualified portable vacuum cleaner should be used. Ifitis
impossible to exhaust it outside thie cleanroom, the exhaust should be connectedHi6Pa#, or
better, filter.

4.1.1.3 The Vehicle Interior - Electronic Boxes, Cable Harnesses, ...

Electronicboxesand otherclosed, non-sensitive compartmeats of concertbecause they will
vent particlesand outgas products upon exposure to vacuufme electronicend wiring are the
primary source of outgassing on most spacecraft. Analysis should be performed to determine if pre-
treatment ofboxesand wiringharnesses by vacuum baking is necessamitomize outgassing.
Exterior surfaces should be inspected and cleaned before closeout.

4.1.1.4 Electrical Power System - Solar Arrays

Contamination will reduce thpower output generated by a sodaray. It isnecessaryhat the
solar arrays be kept as clean as possible in order to pronagémum marginfor losses due to
radiation damagePower losses froroontamination and radiatiaamage will usually definsystem
lifetime. Three contamination control measures should be planned. During ground operations the
solar arrays should be periodically inspeced cleaned. Inspections must be perforrbetbre and
after shipmenaindimmediately beforénstallation in the launch vehicle. During launch, the solar
arrays will be protected from fairing fallout by orienting theentically inthe launchvehicle shroud
and by shielding them from sources of particulates or outgassing. (Vertical surfacesruntleletss
particles that upward facing surfaces do.) Molecular contaminants will stick to the warm solar panels
if polymerized by the solar ultraviolet. Consequently, on orbit outgassing from the spacecraft must be
directed away from solar panels.
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4.1.1.5 Thermal Control Surfaces

The chief impact of contamination aermal controlsurfaces is to increastheir solar
absorptance. A secondary concerrthiast contamination caalso alterthermal emittance. Thus
contamination of thermal radiatorsay upsethermal balanceind lead to overheating of critical
components. In many cas#ss is anissue only ifthe radiatosurface issunlit. If thesurface is
deemed to be sensitive one will empthg same precautions notgldove forthe solar arrays. MLI
should be embossed étiminate the neetbr a spacenetbetweerthe layers. The vent holes should
be punched and the MLI thoroughly cleaned before the aluminum coating is applied.

4.1.1.6 Attitude Determination & Control - Attitude Sensors

There aretwo concerns for optics: i) to maximizsignal throughput, and ii) to minimize
bidirectional reflectance distribution function (BRDFJhe subsystendesignerand supplier should
determine EOL requirements for all attitude sensors and compare their requirements to those required
for thermal radiators ansolar arrays. If thewre of the same ordesmploythe same precautions
notedabove forthe solar arrays. theyare more stringenemploythe precautions notduklow for
payloads.

4.1.1.7 Propulsion - Thrusters

Exhaust from thrusters, whether used for orbit insertion, drag makeup, or attitude choiundd,
be directedaway from the vehicle in such amanner thatview factors tosensitive surfaces are
minimized. If feasible,the use ofthrustersfor attitude control should be avoided in favor of
momentum wheels, torque rods, aimilar technologies which do not generate potential
contaminants.

4.1.1.8 Other Exterior Surfaces

Exterior surfaces afhe spacecraft, which have line of sight to solar arrays, optical sensors or
payloads, must be thoroughly clearmetioutgassed. Structural panalsdMLI should be fabricated
of low outgassing materialEndvacuum baked, at the highest tolerable temper&bureach,until: i)
there is no detectable outgassing,jipranalysis indicatethat theoutgassing rat®bserved, when
multiplied by theview factor to any applicable sensitive surfaeesl evaluated against thepace
system operational concept, is not predicted to pose a contamination threat.

4.1.2 Optical Payload Accommodation

Optical payloads are often the most contamination sensitive surfaces on the space vehicle, and
drive contamination control for the entire system. When this is the case, contamination control must
start with the payload manufacturer. The payload should be assembled and tested; then disassembled
and thoroughly cleaned. This cleaning should, unless analysis indicates otherwise, include vacuum
baking. The payload module will then be reassembled and protected. The protection may be
provided by sealing in a clean, inert atmosphere, by purging with@My evacuating and sealing.
Analysis and testing will be required to determine the best approach. Testing and other exposure
after reassembly must be minimized; exposure will only occ@lass 100or better environment.
Provision will be made for “aliveness” testing without opening the sensor module.

The upward facing surface@resumablythe front of the satellite which includes thayload
cover, will collectthe fairing fallout. During launch shoclespeciallythe coveropening, can scatter
these particles to surfacesthe line of sight. Theoveropening will be directed to avoid exposing
the solar arrays or radiators. Unless otherwise indicated by analysis, all epagtaad surfaces will
be inspected and cleaned before launch.

4.1.3 Ground Equipment

Aerospace Ground Equipment (AGE) elements whieh brought into the presence of flight or
qualification hardware should meet the cleanliness requirements efghsedlight or qualification
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hardware surfaces #iat time. Any such elements which cantahe flight gr qualification hardware
surfaces should use materials meeting requirements pf section 4.1.1.2atwid contamination
transfer. Any AGE exposed to in Bbw pressure or vacuum environment in proximity to flight or
qualification hardware shouldl also meet the requirements of section 4.1.a®itb transfer of
outgassed products.

4.1.4 Manufacturing, Assembly, and Test

Most fabrication will be performed in gener&ctory or good housekeepingreas and
subsequently cleaned to visibtlean. Subassembly, assemblintegration andtest should be
performed inClass 100,000 or better cleanrooms with periodic inspectiamsl cleanings.Optics
must be delivered clean to tepecified levend should thereafter be exposed to o@hass 100or
better environments. Exposure after receipt must be minimized.

4.1.4.1 Parts Fabrication

Unless otherwise specifiegharts fabricationmay be performed igeneralfactory or good
housekeeping area, as appropriate. During fabrication, cleanliness provisions of standard cleaning
specifications should be observed. Corrosédhpils and greasesand gross particle contamination
must be removed and parts must be protected before moving to subassembly areas.

4.1.4.2 Subassembly, Assembly, and Test

Except as otherwise specifigehrts should be cleaned t@ibly clean level Il (VC-II) or better
andbrought intoClass 100,00@leanroom for subassembly. Subassembly, asseantuyest should
be conducted ilClass 100,00@leanrooms unless otherwise noted. When not undergssembly,
or test operations, components musteered or otherwise protected. Operations involtlieguse
of uncured or partially cured silicones must be performed in isolated atbayasre anotorious
source of contamination during ground operations.

4.1.4.2.1 Test Chambers

Test chambers in which flight or qualification hardware wilesposednust be precleaned and
maintained at the cleanroom clageecified forthe hardware. In addition, after cleaning, tibwt
sequence should bgrerun with all support equipment presdmitt without flight or qualification
hardware. QCMsnd/or witness plates should be installed to monitor the contamirdgmsition
at the location to beccupied bythe flight or qualification hardware. If the monit@tsow excessive
contamination, the chamber must be reclearatithetest repeatedntil contaminatiordeposition is
shown to be within the limits specified.

4.1.4.3 Controlled Work Areas

4.1.4.3.1 Access

As shown in Figure 4-1, the presencepebple, (or more specifically activity performed by
people), in a cleanroom will greatly increake quantity of contaminants in ta&@. Consequently,
access to controlled wodkeas should be strictly limitedAny individual entering a controlledork
area must undergwaining toensure familiarization with proper contamination control procedures.
The correct cleanroom gowning of each person entering the area must also be verified. The number
of persons permitted in the area should be restricted to the minimum required to perform the
operation in progress.
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Figure 4-1. Relative contamination levels in a cleanroom during daily operations.

4.1.4.3.2 Cleanroom Training

All personnel requiringaccess to controlled workreas, and their linsupervision as deemed
necessary, should receiioctrination in the purposemnd practices of cleanroom operation, and
any additionatraining as isleemed necessary fibreir specific tasksheforebeing certified for entry
to controlled workareas. Additional contamination trainimgnd brighgs should be conducted at
appropriate intervals to supplement the initial certification training. Suggested topics include:

1) A general introduction concerning the significance of contamination control to the success of
the program.

2) The significance of contamination control &l phases of design, fabricaticagsembly,
integration, storage, shipment, temtd launch integration. Emphasize thayonecan get
it dirty; it requires full effort by all to keep it clean.

3) The importance of dress and discipline in cleanroom operations.

4) Specific techniques of cleaning, clean assembly and packaging.

5) Monitoring procedures.

6) Review the Contamination Control Plan.

7) Familiarization with other appropriate documentation.

4.1.4.3.3 Before Entering the Controlled Work Area

Before entering the cleanroom, personnel should checketify that they complywith the
following guidelines.

1) Do not eat, smoke, or chew gum in the smocking areas or controlled work areas.

2.) Do not bringfood, beveragegum, candy, cigarettes, tissue, pencils, or handkerchiefs into
the controlled work area.
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3) Avoid wearing clothes that generate particles, such as: fuzzy sweaters, veloatotermyr
dirty clothing.

4) All jewelry, including watches, must be covered.
5) Take only lint-free paper and non-retractable ball-point pens into the controlled work area.

6) Avoid wearing cosmetics in any controlled waakea. This includes: lipstick, blush,
eyeshadow, eyebropencil, mascara, hairspray, etc. These items will be prohibited in the
stricter areas as appropriate.

7) Smokers should take drink of water before entering a controlledvork area. Drinking
water will help reduce the particulates in the breath after smoking.

4.1.4.3.4 Entering the Garment Room and Controlled Work Areas

The purpose of the cleanroogarment is to protect hardware from contaminants generated by
people. Cleanroom garments shouldselected based drardware cleanliness requiremeatsl the
types of operationthat must bgerformed in the cleanroomSmocks daot providegood isolation
of hardware fronmpeople generatecbntaminants. Fibers from street clothes worn undesitteck
will fall out from under thesmock. These fibers will generally lzeger andwill settle out of the air
close to where thegre generated. Theneay be placeandoperations in a cleanroom whdtes is
acceptable, but only a full coverall will provitlee required isolation whepeopleare working in,
around, and above spacecraft hardware

Requirements for entry into the garment room and controlled work areas include:

[) Shoes should be cleaned with cleaning machim mats aéntry. Additional shoe covering
may be required.

2) Cleanroom garments should be donned in the anteroom. Caps should be vover t@s
much hair as possible.

3) Beardsand mustaches should be covered. Bat groomhair in the smock room or
controlled work areas.

3) Garments should be inspecteefore doning toensure theywre clean, there are no rips or
open seams and all fasteners are usable.

4) Cleanroom garments should not be worn outfigéecontrolled areand anteroom. When
not being worn they should be stored according to instructions.

4.1.4.4 General Area Regulations
General area regulations include:

1) Outer garments designethd maintainedor cleanroom use will be worn [}l personnel
any time they are in these areas.

2) Smokingand eating iforbidden in these areamnd inadjacent anterooms and entries.
Notice of this restriction should be displayed at entrances and in the anteroom areas.

3) Entry of paper in these areas will be limiatdonly approved type@imited-linting, plastic
coated, plastic covered, etc.) will be used.

4) Only approved wipers will be allowed into these areas.
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5) Only approved ball point pens will be allowedo thee areas. Pencind erasers are
forbidden.

6) Depending on theeverity ofthe contamination concesopurces of particulatenatter and
volatile materials, e.g., cosmetics and lotions, shall not be worn or carried into these area.

7) Each person working in these areas shall diesmssigneavork areabeforeandafter each
activity.

8) All hardware, tools and equipment shall be covered or packaged when not in use.

9) Lint-free gloves (cleanrooratex gloves unless otherwise specifieshall be worn at all
times when near critical surfaces.

10) No aerosol cans or mercury thermometers shall be allowed in these areas.

11) Personnel with a temporary physical condition witieh generate contamination (e.g., head
or chest cold, hay fever, or other cause of coughskin or haircondition which produces
flaking) shall report ipromptly to the supervisorThey shall be assignedork outside the
controlled area until the condition is cleared up.

4.1.4.4.1 Receiving Area Entry

Entry of items directly into the receiving area should be done so as to minimize any
contamination of the area. Adkposedarts should be protected by drapesicovers. A temporary
floor coveringanddrapes may be used to construct an anterama. The anteroom should be so
constructed that open doors are isolated from the area. The doors may then bangpeheshgged
parts moved in. The doors should then be closed and the outer cover inspected, vacoluvipest.
The outer coveringnay then beremovedand the parbrought to the receiving areaUpon
completion of the receiving activities, tffleor covering should be completely vacuunmatt the
drapes removedThe floor covering shouldigain bevacuumedand therremoved. The whole area
should then be vacuumed and inspected.

4.1.4.4.2 Movement Between Areas

Personnel must be cognizant of the cleanliness classification oftaeyase entering, leaving,
and passing throughCleanroom garments must be appropri@ethe area being enterechlor
coding may beppropriate. Special care must be taken when enterinigrttiear flow areas; entry
must always be from the downstream end.

All items transportecbetweenareas must be cleaned to the requirements of the area being
enteredand must bappropriately covered or packagerhis includes handcarried fixturasidtools
which shall be bagged or placed in precleaned and covered trays.

4.1.4.4.3 Area Monitoring

Initial and periodic measurement of particulate levalsd airflow characteristics in areas of
controlled cleanliness shall be recorded predetermined locations. Additional measurements may
be taken as required whenevegcessary to assure cleanliness levmdfore and after critical
operations and tests.

4.1.4.4.4 Janitorial Service

A janitorial schedule should beeveloped for each controlletea. The schedule should be
updated as necessaayd should include any temporary activities. Janitorial equipnfestuum
cleaner, mops, buckets, etc.) should be cleanroom certified @edshould not be used outside the
area. As shown in Figure 4-1 janitorggrvice is ofterthe most contamination produciagtivity
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performed in the cleanroom. It is important that janitorial personnel be educated on rieihods
reduce the amount of contaminants “stirred up” by their activities.

4.1.4.5 Laminar Flow Area Regulations

All operations,accessand trainingrequirements listed in sections 4.1l4r&{ 4.1.4 ¥above apply to
laminar flow areas as well. In addition,
[) Personnel will receivadditional training and bspecifically certified for thesareas. Only
personnel so certified will be allowed in these areas.

2) Special cleanroogarments will be reservddr use in these areas. Thesgmentamay be
stored and donned in the same entry room as thoskeftass clean areaandmay be worn
while passing through those areas to reach the laminar flow areas. However, no work will be
performed in less clean areas while wearing these garnmemtwijll they be worn inclose
proximity to operations in the less clean area.

3) Always keep in mind that anything that goes under a laminar flow hood will contaminate the
air.

4) Move slowlyandavoid unnecessary activity at or arounthminarflow hood. Standway
from the hood unless you are working there.

5) Do not cough or sneeze into or under a laminar flow station.

6) Exposed parts will be kept as near the filter bank as possible. In no event will personnel pass
between the filter bank and exposed parts.

7) Clean operations will be conducted upstream from dirty ones.

8) Particle generating operations are toakieided in thesareas. If such operations must be
performed they will be performed as far from the filter bank as possible.

4.2 Monitoring Contamination

The amount of contamination which can be tolerated on each sensitifece will also
determine what monitoring techniques mustebwloyed. The method of inspectioandfrequency,
are ultimately determined bgurface cleanliness levelnd mission objectives. Forminimal
contamination requirements, visual inspectioray be sufficient. If it looks dirty, clean it.
Otherwise, leave it alone. For somewhat ngirangent requirements, witness plates, (a small plate
similar to the sensitiveurfacethat isplaced next tahat surface), may beequired. Every so often
the witness plate is examined with some degree of care. If the plate is contaminated it is assumed that
the adjacensurface is also contaminated. tlfe contaminatiotevels are unacceptable, even
borderline, thesurfaceand thewitness plateare cleaned. For more stringent requirements, the
sensitive surfacare examinedirectly and cleaned if borderline. Finally, fahe mostensitive
surfaces, component (or fulubsystem) tests may lan toverify that contamination has not
impaired their performance.

Every spacecraft component should have somegin of safety, everthough eactsubsystem
specialist may beeluctant to admit it. A little probingvill usually elicit a power decrease, a
temperature rise, or a signal attenuation which can be tolerated without compromising mission
success. Howevecpontamination ionly one ofthe effectswhich must be considered in allocating
this margin. Among the othereffects to beconsidered are manufacturing tolerances, storage,
handling and testingffects,launch anddeployment factors, as well as on orbit environments. It is
usually necessary t@ach a compromise sbat nooneeffect is favored irsetting the performance
margins.

No matterhow goodthe contamination contrgllanning andorocedures, there awaysthe risk
of accidents and there are schedule requirements whichhliwitclean an on orbit spacecredtn be.

In the process flow prior to launch, there is some point beyond which it will be impossible to clean the
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spacecrafeind, usually, a later point after which it will benpossible to even inspetiie surface.
Whatever contamination the spacechaft therwill only increase aftethat, with the launciprocess
often being the most contamination producing event in the life of the surface.

4.2.1 Molecular Contamination

As shown in Table 4-2, these arevariety of techniqueshat may be used to deduce surface
cleanliness. The actual method toused in a given application dependstbasurface cleanliness
requirement, theccuracy desirecind other prograrfactors such as cosind schedule. Each of
these methods are discussed in the sections that follow.

Table 4-2. Molecular contamination monitoring options.

Method Sensitivity Pro’s Con’'s Application
Gravimetric 0.2 mg/ft Generally 24 hr Turn Around;  Ground Processing
Accepted Handling Errors; Only
Low Sensitivity
OSEE 0.1 mg/ft Fast Response Requires Calibration; Ground Processing
Low Sensitivity on Only
Some Surfaces
QCM 0.005 mg/ft Real Time; Only Measures Mass Ground Processing
High Sensitivity Deposition & On Orbit
Calorimetry ~ 0.01 mg/ft Real-Time Only Measures On Orbit Only

Absorptance Changes

4.2.1.1 Gravimetric

Gravimetric procedures may used to determile amount of molecular contamination, non-
volatile residue (NVR)remaining on asurface. These procedurase based on ASTM E 1234,
ASTM E 1235 or their derivativésIn essence, the surface is solvent wiped and the NVR is extracted
from the wipers with additional solvent, which is either evaporated in a vaouemor in a class
100 unidirectional air-flow hood. The mass of the residue minus the mass of a blank dasdele,
by the areawiped, is equal tache mass per unit area VR onthe surface. ASTM E 1235
recommends using Soxhlet-extracted wipems methylene chloride.Because opotential toxicity,
methylene chloride is not recommended for use in a cleanroom. More environmentally friendly
methods recommend using ethyl acetate and/or etbgtate/cyclohexane azeotrdpeBecause
gravimetric methods are seell characterized thewre a standard means of measuring molecular
contamination during ground processing. The disadvantages of this methtithtaredoes not
providereal time answers, it is unsuitabite use on optics or otheasily damaged surfacemd is
not adaptable to on orbit cleaning.

4.2.1.2 Optically Stimulated Electron Emission (OSEE)

A metallic surfacethat is subjected to a flux of UMight will emit electrons through the
photoelectric effect.This process formshe basidor one means of measuring surface contamination
called optically stimulated electron emission (OSEH.clean surfacéhat issubjected to a UV flux
of a known strengtlanddistribution will produce a certain measure of photoelectrons wtaohbe

2Borson, E. N., Watts, E. J., and To, G. A., “Standard Method for Measurement of Nonvolatile
Residue on Surfaces,” The Aerospace Corporation, SD-TR-89-63, 10 August 1989.

3 Arnold, G. S., and Uht, J. C., “Nonvolatile Residue Solvent Replacement,” The Aerospace
Corporation, SMC-TR-95-28, 1 March 1995.

* Arora, A., “Surface Contamination Measurement and Control by Nondestructive Tecliniques
Env. Sci, p. 30, Nov./Dec. 1985.

Gause, R. L., “A Noncontacting Scanning Photoelectron Emission Technique for Bonding Surface

Cleanliness Inspection,” NASA TM-100361, February 1989.
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monitored. If thesurface is contaminatethe contaminant layer widbsorb some fraction of the
incident UV and reduce the strength of the UV that can reach the metallic suC@aesequently, the
number of photoelectrons will also be reduced. As shown in Figure 4-2, if the instrumentation is
properly calibrated it may be useditder surfaceNVR levels. The advantages of this method are

that it provides real time answers and does not require direct contact with the surface. feutofast
alone makes it suitable for use on optical deviddse disadvantage that the instrumentatiomust

be calibrated for the surface in question, (large variabilities may be seen when level A is approached),
and may not be usable oall surfaces, (i.e., when the photoelectron current fromsthace is too

small). As with gravimetric methods this technique is suitable only during ground operations.

500 NVR

400 T
OSEE

Response
300 +

200 +

100 +
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NVR (mg per 0.1 m ?)

Figure 4-2. Optically stimulated electron emission response as a function of NVR.

4.2.1.3 Quartz Crystal Microbalance’s (QCM’s)

Onedevicethat iscapable of directing measuritige deposition of contaminating material on a
surface is &uartz Crystal MicrobalancéQCM). Essentially, a QCM operates by comparing the
resonant frequencies tfo quartz crystals. Onerystal is exposed tine environment and trather
is shielded. The resonafiequency ofthe exposed crystal wilthange if mass is deposited on its
surface. Consequently, by examining the change in resdrentency, mass depositi@man be
inferred. The sensitivity of the device depends on the actual design, but is on the order of 4743 x 10
g/cnt Hz at 10 MHzand 25° C. One big advantage of QCM's fisat thetemperature of the outer
surface may be controlled sbat mass deposition as a function of surface temperature may be
determined. Converselyheating thedevice gives knowledge othe temperature at which
contaminants will“boil off". Devices with this capability are known as temperature controlled
QCM's or simply TQCM’'s. QCM’sare used routinely in applications where direct deposition of
mass is needed. Because QCbEs be manufactured irery small packages, (~ 3 cm diameter x 3
cm length; 100 g; 140 mW at 10 Vdc), thene suitabldor use as flight experimentsNote however
that QCM'’s are incapable of relaying informatiaboutthe absorptivenature of the masthat has
been collected.

®Wallace, D. A., and Wallace, S. A., “Realistic Performance Specifications for Flight Quartz Crystal
Microbalance Instruments for Contamination Measurement on a Spacecraft,” AIAA Paper 88-
2727, (1988).
® Bryson, R. J., Seiber, B. L., Bertrand, W. T., Jones, J. H., Wood, B. E., and Lesho, J. C., “Pre-Flight
Testing of Thermoelectric Quartz Crystal Microbalances (TQCM) for Midcourse Space
Experiment,” Arnold Engineering Development Center, AEDC-TR-93-24, February 1994.
Mark 9 Contamination Sensor Specifications, QCM Research, Laguna Beach, CA.
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4.2.1.4 Calorimetry

In order to measure degradation of thermal control materials on spgatecraft may be
instrumented withdevices calleccalorimeters Essentially, a calorimeter is a thermisthat is
calibrated to operate ovére predicted range of temperatures. By isolating a sample métemial
the spacecraft and allowing it to establish thermal equilibrium, its temperature will be indicative of its
a/e ratio. Changes imgJe will be indicated by a change in temperature of the sample. If the
thermistor haveen properly calibratethe change img can be inferred. The relative uncertainty in

absorptance is dependent on the uncertainty in emittance, temperature, solar irradheatoss
due to coupling to the surrounding material. Because of this coupling, the absorptance is given by

4 ' i -
_E0T A +Q Equation 4-1

S SA !

whereQ, " is the heat loss due to coupling between the sample materials and its surrounding supports.
Differentiating this equation wilprovidethe relative uncertainty ia,. If preflight calibration is

performed, a sensitive design may be able to infer changes in absorptance as low as 0.0005. Although
calorimeters do not relay information abdle mass of the materiddat hasbeen deposited, they do
provide information onthe absorptivenature of the contamination. In comparisonQE€M'’s,
calorimeters are smaller, lighter, and require fewer spacecraft resources.

4.2.2 Air Quality

As hasbeen previously seenjr quality and exposure timere thekey factorsthat determine
particle fallout onto surfaces. Fthiis reason, it is important to monitair quality in the cleanroom
in order to validate exposure conditions. As shown in TabletweBaccepteanethods of doing this
are membrane filter sampling and light scattering.

Table 4-3. Air quality monitoring techniques.

Method Sensitivity Pro’s Con’s Application
Membrane Filter  ~5pum Statistical Analysis of Not Real Time Ground
Sample Particle Sizes Processing
Light Scattering  ~ 0.1um Real Time; Calibration Required,; Ground
Statistical Analysis of Limited Dynamic Range Processing
Particle Size
Dark Field ~0.1ym  Statistical Analysis of Not Real Time On Orbit
Photography Particle Size

4.2.2.1 Membrane Filter Sampling: ASTM F 25

The ASTM F 25 particle sizingnethodology is based dimne microscopical examination of
particles impinging on a membrane filter with the aid of a vacuum. Essentially, a membrane filter is
connected to a vacuum systavhich is used t@ather samples dir atvarious locations in the
cleanroom. Subsequent examination of the membrane filter under magnificatiprowitle particle
size distribution data for larger, ~ubn, particles. This information, when combined vkttowledge
of the volume of air sampled, can be used to infer air quality in accordance with FED STD 209E.

4.2.2.2 Light Scattering: ASTM F 50

Continuous sizingindcounting of airborne particulates candmnducted as described in ASTM
F 50. Inessencethe air in acontrolled environment is sampled at a knoflew rate. Particles
contained in the sampledr arepassedhrough an illuminated sensing zone in the optical chamber
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of the instrument. Light scattered by individual particles indines received by a photodetector and
converted into electrical signal3he signal pulse height can be related to particle size. The number
of particles of a given size can be registeredigplayed. The advantage of ASTM F &ger ASTM

F 25 is that ASTM F 50 can operate continuously, without a human operator.

4.2.2.3 Dark Field Photography

The last measure dir quality, and one most suited for on orbit operationsd&sk field
photography. Essentially, illuminating any particulatesar aspacecraft with a flash bulb, and
taking a picture against the dark backgroundsmdce, will yield a count of particulategar the
spacecraft. By making a timexposurehe particulates willeave atrail in the photographihat can
be used to induceelocity and point of origin. The strength of the sigfram a given particulate
will, presumably, be proportional to its reflectarased geometrical size. Althougthis technique is
not very accurate for measuring particulate sizes, it is capable of quantifyenghearspacecraft
environment. Obviously, flyingsuch instruments on most spacecaaéunnecessargnd theiruse is
usually restricted to applications, such as the Shuttle, where measurements during one flight will have
application to future flights.

4.2.3 Particulate Contamination

As shown in Table 4-4, several procedures have been develogetttmine the distribution of
particulates on a surface. Visual techniques are

Table 4-4. Particle contamination monitoring techniques.

Method Sensitivity Pro’s Con’s Application
Visual Inspection ~5pum Standard Method Not Real Time Ground Processing
Scattering N/A High Sensitivity; Statistical Ground Processing
Fast Turnaround Analysis Difficult & On Orbit

4.2.3.1 Visual Inspection

4.2.3.1.1 ASTM “Statistical” Procedures

ASTM E 1216 and ASTM F 24 amgocedures for measurirmgndcounting particulate contamination

on surfaces. In essence, a tape sample is applied to a surface in order to cause any particulates
present to bond tthe tape. The tape sampletien removedand examined under anicroscope.
Providedthat thesample is large enough to be statistically significant, the resultyieil surface
cleanliness in accordance with MIL STD 1246C.

4.2.3.1.2 NASA “Appearance” Procedures

Ratherthanperform an intensive, detailed statistical count of particles on a surface to determine
surface cleanliness in accordance with MIL STD 1246C, waeld like to be able to correlate
appearance with cleanlinesSome othe first studies afurface cleanliness were performed in order
to quantify the fallout of dust from chimney gadefn these studies, thebjective was taletermine
the maximum amount of depositidghat would go unnoticed by a casual observer. In aerospace
applications, one is usually interested in determiriirgg minimum amount of contamination that
would go undetected byteainedobserver. In any casthe conclusions dhis initial study remain
valid:

" Carey, W. F., “Atmospheric Deposits in Britain - A Study of Dinginelsg,”J. Air Poll.,Vol. 2, pp.
1- 26, 1959.
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» Surfaceghatreceive deposits of particulatappeardusty wherthe cover is sufficiently dense to
reduce the reflection dight perceptibly. Consequently, a surface will often appleaty even
though individual particles are too small to be distinguished.

+ Particles lesthan 1 mm(1000um) will not bevisible onthe ground from the standing position.
Whenviewed from adistance of 25 cm, a circle of 0.1 mm (4@®) in diameter subtends an
angle of just over 1/60th of a degree and is the smallesigible tothe humareye. Thiswould
imply that, depending on the contrast, thenaneyeshould be able twerify surfacecleanliness
of about level 1000 at a distance of 2 m, and surface cleanliness 100 at a distance of 25 cm.

» Contrast between the color of the particle and the background is a critical factor in distinguishing
decreased reflectanc&he response of tHeumaneye tocolor is illustrated in Figure 4-3. High
contrast makes it easier to detect contamination, (black particles on a white surface), while low
constrast makes it much more difficult, (gray particles on a gray surfacejewéd from a
distancetoo great toperceive individual particles, highly contrasting partidas bedetected by
the humaneye when 0.2% of the area overed, (level 370).Weakly contrasting particles
require 0.4% coverage, (level 430), before the particulates could be noticed.

100 -
101 +
Relative
Response [
102 +
103 +
10+ I I : : !
0.3 0.4 0.5 0.6 0.7 0.8

Wavelength ( um)

Figure 4-3. Response of the human eye to colors.

While visual inspection is a relatively unscientifiay toevaluate cleanliness, some studies have
made progress in quantifying it. Levels of illumination, viewing distaacd,other parametetsave
been quantified, Table 4%.The calculated resolution limits abased on diffractiomnd assume a
wavelength of 0.5im and a human eye with a 0.3 cm pupil. It is seen that while the standard VC-I is
not especiallydiscerning, the more sensitive VC-1#nd sensitive VC-II should detect many of the
surface particles. Using ultravioléght aided byvisual magnification, VC-llland VC-IV, can
improve the results even further.

8 Anon, “Specifications - Contamination Control Requirements for the Space Shuttle Program,”
NASA-SN-C-0005, Rev. A, Jan. 1982.
Raab, J. H., “Qualification of Shuttle Orbiter Payload Bay Cleanliness Levels,” Martin Marietta,
MCR-86-2004, January, 1984.
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Table 4-5. Visually clean levels.

lllumination  Inspection Magnifi- uv Resolution
Level (ft candles) Distance cation Light Limit (um)
Standard VC-| 50 5-10 ft 1 no 600-1200
Sensitive VC-1% 50 2-4ft 1 no 240-480
Highly Sensitive VC-II 100 6-18in 1 no 60-180
VC-Il 100-200 6-18 in 2-7 no 10-90
VC-IV 100—200 6-18 in 2-7 yes ~10

When these inspection criteria are applied to sensitiviaces they yielthformation about the
cleanliness levelghat may be verifiedluring ground processing. Haffner reportsthat the
guantization of théevels of visually clean iprimarily a function of contrastndonly secondarily a
function of the percent area coveraBAC).” Experiments conducted with dots of different sizes and
colors on a cathode ray tube indictiat at adistance of one foot, white particles on a black surface
can bedetected bythe humareye at &@AC of 0.1% (level 320), Table 4-6. Conversebjack
particles on a white surface requirdPAC of 1% (level 515) to ensure detection. Nthiat these
values represerthe upper bound tsurface obscuration detection whilee diffraction limit of 120
pum represents the lower bound. Similar results for 5 feet viewing distance are shown in Table 4-7.

Table 4-6. Visual detectivity at 1 foot viewing distance (VC-II).

Backgnd Particle PAC Backgnd  Particle PAC
Color Color Contrast  Detected Color Color Contrast  Detected
Black White 102.6 0.1% Green White 34 0.3%

Blue 15.6 0.1% Blue -53 0.1%

Green 68.6 0.1% Yellow 14 0.3%

Yellow 82.6 0.1% Red -50 0.1%

Red 18.6 0.1% Black -68.6 0.1%

Red White 84 0.1% Blue White 87 0.1%
Blue -3 0.1% Green 53 0.1%

Green 50 0.1% Yellow 67 0.1%

Yellow 64 0.1% Red 3 0.1%

Black -18.6 0.1% Black -15.6 0.1%

Yellow White 20 0.3% White Blue -87 1.0%
Blue -66 0.1% Green -34 1.0%

Green -14 3.0% Yellow -20 3.0%

Red -64 0.1% Red -84 1.0%

Black -82.6 0.1% Black -102.6 1.0%

Contrast = (Particle Intensity - Background Intensity)/100
Diffraction Limit of Human Eye at 1 Foot ~ 120n

Plotting the data shown in Table 4-6 itpgessible to construct a curve fit toe data as shown in
Figure 4-4. The interpretation tfis is that ifsurface cleanliness levahd contrast arglotted and
found to lieabovethe line the cleanliness can, witthigh level of confidence, be verified by the
inspection criteria of VC-II. Values lyingelowthe linemay be detectable, bwith a lower level of
confidence. Asimilar process quantifiethe visual inspection criterfar VC-I, VC-I , andVC-Il as
shown in Figure 4-5. As a point of departure, VC-I earify to level625, VC-I%2 carverify to level
450, and VC-II can verify to level 320.

® Haffner, J. W., “Contamination Study of GPS Spacecraft,” Rockwell International, SSD86-0104, 30
May 1986.
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Table 4-7. Visual detectivity at 5 feet viewing distance (VC-I).

Backgnd Particle PAC Backgnd  Particle PAC
Color Color Contrast  Detected Color Color Contrast  Detected
Black White 102.6 0.1% Green White 34 1.0%

Blue 15.6 0.1% Blue -53 0.3%

Green 68.6 0.1% Yellow 14 3.0%

Yellow 82.6 0.1% Red -50 1.0%

Red 18.6 0.1% Black -68.6 1.0%

Red White 84 0.1% Blue White 87 0.1%
Blue -3 1.0% Green 53 0.3%

Green 50 1.0% Yellow 67 0.1%

Yellow 64 0.3% Red 3 3.0%

Black -18.6 1.0% Black -15.6 1.0%

Yellow White 20 1.0% White Blue -87 3.0%
Blue -66 1.0% Green -34 3.0%

Green -14 3.0% Yellow -20 6.0%

Red -64 1.0% Red -84 1.0%

Black -82.6 1.0% Black -102.6 3.0%

Contrast = (Particle Intensity - Background Intensity)/100
Diffraction Limit of Human Eye at 5 Feet ~ 6Q@n

Percent Area Cleanliness
Coverage Level
100% — 1200

1000

10% 800

600

1% 500

| 400

0.1% E* X *k Kk ok ok kkkk *kk K — 300

0.01% e — e _ 200
0 0.25 0.50 0.75 1.00

Contrast

Figure 4-4. Visual cleanliness as a function of contrast for 1 foot inspection distance.

When these results are comparegtevious studiethe resultshow some agreement for solar
cells, which areblue, less for beta cloth, which is whitnd considerable disagreement for black
paint, Table 4-8° The degree of gloss is probably a factor for painted surfaces.

9 Raab, J. H., “Qualification of Shuttle Orbiter Payload Bay Cleanliness Levels,” Martin Marietta,
MCR-86-2004, January 1986.
Maag, C. R., “The Contamination Environment of STS Mission 51-C as Measured by the Interim
Operational Contamination Monitor (IOCM),” NASA JPL, DD-00023, August 1985.
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Percent Area Cleanliness
Coverage Level
100% Standard T 1388
A\ (5 feet) Sensitive B
10% \ (2 feet) T 800
i 600
1% =+ L 500
Highy __—% 400
- (1 foot)
0.01% — — — _ 200
0 0.25 0.50 0.75 1.00
Contrast
Figure 4-5. Generalized visual inspection performance criteria.
Table 4-8. Comparison of visual detection of particles.
Measured Obscuration
Martin JPL Rockwell
Hlumin. Particle Particle Particle
Surface (ftcandles) | evel PAC Level PAC Level PAC
Beta Cloth 100 385 1x10° 750 3 x 102 615 1 x 102
(white) 50 560 6x10° - ’ 750 3 x 10?
Black Paint 150 - - 100 3x10° 385 1x10°
(black) 50 - - - ’ 385 1x10°
Solar Cells 100 320 5x 10* - - 385 1x10°
(blue) 50 485 3x10° - - 485 3x10°
Aluminized 100 365 7 x 10* - - 485 3x10°
Kapton 50 - ; - - 615 1x10?

(yellow)

4.2.3.1.3 Solar Arrays

Solar cells appear to theimaneye to bélue. Fortunately, both solar cediad the human eye
are sensitive to approximately the same portion of the electromagnetic spectrum. Consequently, if the
cells are visually clean tothe eye they are probablynot contaminated enough to be operationally
affected. The results of various attempts to quantifgually clean levels yielthe best agreement for
solar cells, Table 4-8. Thus solar cells clean to \W@s beverified to have surface particle levels <
485, while those clean to VC-Il have surface partielels of ~350. Interpolatingyields a VC-1v2
surface particle level of ~ 420. The corresponding surface obscurations are*3wCt0), 1.5 x 10
3(VC- 1), and 8 x 1T (VC-II).

Fortunately, all of these surface particle levels will result in power losses, (for individual cells), of
< 0.1%. Even adding pre-launch (tiys in Classl00,000 air)and launchiShuttle Cargdbay)
contributions to surface particle levels of &% 600 respectively, would produce an on orbit level
of 675, (SO ~ 1.8 x 1f). This would produce a solar cell power loss 0f05%. This is a
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conservative number which assumes that the solar cells were facing up both before and during launch.
While solar panels performance may be affected more than this if the particle fallout is not distributed
uniformly, it is apparenthat most solar panels should arrive on orbit with not enough particle
contamination to seriously degrade their power output.

4.2.3.1.4 Thermal Control Surfaces

Thermal control surfaces are usually white, if tfegethe Sun, or black, ihey face deep space.
Some spacecrafiody surfacesare wrapped with multi-layer insulatigMLI) which is sometimes
yellow in appearance, but more often appears silvéh@sesult of aluminurdeposited otthe inside
of the inside layers. Since theain appearance differendeetween whiteandsilver is the specular
component in the optical reflectance, whated silver surfacesare sometimes grouped together in
their sensitivities to visual inspection.

As shown in Table 4-8, diffuse white surfacesndbshow visualparticle contamination asell
as darker surfacesspecially ithe darksurfacesare shiny. While there is disagreembatween the
various researchers in what particle levetsn bevisually detected on white surfaces, VC-I is
apparently sensitive to a ~ 700 level, while VC-Il is apparently sensitive to a ~ 600 level.
Interpolating.yields a 64(article level possible for VC-I1%2The correspondingurface obscurations
are: ~ 8 x 10 (VC-I), ~ 1.3 x 10°(VC- 1%2), and ~ 2 x 1T (VC-Il). Assuming the thermalontrol
surfaces are just at the point of being visually contaminated by particles, adding the typical pre-launch
(10days in clas400,000 airjand launch (600 particle level) will produce on orbit levels of ~ 790
(VC-I), ~ 765 (VC- I*2),and ~740 (VC-Il). The correspondirgurface obscuration rati@se 3.8 x
1072 (VC-I), 3.1 x 10% (VC- 1%%), and 2.6 x 18 (VC-II), respectively.

Since dust particles are generally gray, their relative lack of contrast is responsib&rfoeing
hard tosee on white surfaceddowever,this lack of contrast in the visualavelength region also
reducegheir effect onthermal controkurfaces irthe infrared region if their relative lack of contrast
extends into the far infrared (I > ~ {@n).

As discussed irChapter 2, under extreme conditions the thermal corsudlaceand the
contaminating particles are assumed to feppositdimiting values ofos or €. Black particles on a
white radiator which do ndacethe Surproduce a 1% temperature decreasthéf particldevel
exceeds 520, (~ 0.35% obscuration), while a 1% temperature rise will be produced if the particle
level exceeds 450, (0.2% obscuration). Thewelsareconsiderablyjbelowthe dust particléevels
which can beletected on white surfaces. Fortunately, dust partickegrey, not blackand many
radiators do notface upduring launch. The white particles on bdack surface is a better
approximation here, which analystows requires a ~ 830 surfguarticle level to produce a 1%
effect. Because ofhis relative lack of contrast, radiators are almalktays verytolerant to
contamination, both molecular and particulate.

4.2.3.1.5 Optical Surfaces

As hasbeen pointed out, optical surfacese very sensitive to particulate contamination.
Fortunately, such sensors aaways fabricated in special cleanrooms, (usu@llgss 10,0000r
better), kept covered when in storaged sealed up betweethe timethey are incorporated into a
spacecrafandwhen theyaredeployed ororbit. Even on orbit, if thegreused onlyintermittently, it
is not unusual to re-cover them, especially if thruster operations are conducted nearby.

It is obviousthat theusual visual inspection techniques are inadeqaatkeventhe stringent
visual inspection levels, (VC-III or VC-1V), may not be sufficient even if such inspections are possible
andthey almost neveare. Consequently, special test fixturage usually constructed to verify the
performance of the optical sensor through direct measurements of the sensors scattering
characteristics. This is the subject of the next section.

4.2.3.2 Scattering: ASTM E 1392

For many applications involving sensitive optics, the only true measure of a sensors cleanliness is
a direct measurement of its scattering characteristics. The general procedure for meBBREFiimy

4-18



Contamination Control Engineering Design Guidelines for the Aerospace Community

ASTM E 1392. Because scatter measurements on aerospace moptsnvariably be tailored to the
specific program at hand, the details of ASTM E 1392 will not be discussed. Essdigtaifiypm a
source, (such as a laser), is scattefédf the surface in questioandcollected by a detector abme
predetermineaff axis angle. The graph ehergy received/energgput vs. scattering anghgelds
BRDF. Becausehe test equipmemecessary to make these measurements is usually quite
sophisticated it is appropriate to discuss some of the unique requirements of these test fixtures.

Scattering test fixtures will often hateeir own vacuum chamber, may be cryogenicatipled,
and aresensitive instruments itheir own right. In thischamber, it is possible to simuldtee on-
orbit opening of the sensor, test its response to various simulated targktgrify its calibration.
Oncethis hasbeen dondghe sensor is resealagady for incorporation intthe spacecraftOnce
incorporated within the spacecraft, the usual testing is mainly elecémchl thermal. Voltages,
currents, andvaveformsare verified using laboratory generated signals which simutage output
from the optical sensor. Temperaturespeciallyunder thermal/acuum conditionsare monitored
for 30 or more days teerify the calculated heat loads, the on board refrigerator performance, or the
cryogen useate. During this time solar array performance, activation operations, etc., will be
measured. During this time the optical sensor ofikn be sealedp, protected fromall external
contamination.

With the optical sensorsespecially cooled IR sensors, so well protected frexternal
environments, the main threats can be internal environments. The particle contamination which may
result is due to flakes qfaint, metal or plastic burrgnd the like. For this reason the sensor is
shakenvery vigorously beforéts final tests to make certaihat no launchnduced particulates will
be generated. In addition, the sensitive optafacesare notallowed to face up except when
necessary. As expected, the on-orbit particle levels for optical sensors should be very low.

While measurements of the scattering characteristics of an ogidateare usually performed
only onthe ground, it igossible to design calibratiatevicesinto space sensors. Alternatively, the
mission operations profile may allow fibre sensor to periodically point toward then, or othepff-
axis source, in order to back BRDF and surface cleanliness out of the resulting SNR.

4.3 Cleaning Contaminated Surfaces

The issue of how dirty a system gets during ground processing is of somewhat academic interest
if the surface can be restored, with minimal effort, to the desired cleanliness before beginning orbital
operations. Any cleaning techniques used must satisfy certain general criteria. The process must not
be damaging to the underlying surface, must not leave a surface residue, and must be effective on a
variety of surfaces and substrates. While chemical solvent wiping, the most obvious cleaning process,
is effective at removing both molecular and particulate contamination, other processes are effective at
removing only one or the other . Consequently, they are best discussed separately.

4.3.1 Removing Molecular Films

Various approaches have been considered to deal with molecular contamination on sensitive
surfaces. Where contact with tearface is allowed solvent wiping is perhahe mosbbvious
method availableandrelies on the chemical properties ofalvent to dislodgéhe molecular film
from a contaminated surfaceDbviously,this method caronly be used on accessitgarts during
ground processing. Optical surfaces, or algvice where direct contaetith the surface is
prohibited, must approach the problem in a diffenernner. As a rulemoncontact techniques
attempt to impart a large amountefergy intathe film sothat either: i) theecoil forcethatresults
from the absorption of thenergy dislodgeshe film, or ii) the film heats to aufficiently high
temperaturethat its residence time is smalind it carescapeghe surface. At the same time
noncontact techniques must minimize éreergy input to the underlyingurface to avoidlamaging
the surface finish. Both categori@s capable of cleaning a surface to bettemlevel A (< 1 mg/ft
NVR). In general, solvent wiping is relied uponthe standard method ofioice for non-optical
surfaceduring ground processing, while noncontact techniques continue @valgated for use on
optical surfaces during both ground processing and on orbit operations.
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4.3.1.1 Solvent Wiping

The solvent wipe method used for surfateaning and preparation is identical to tHascribed
in the gravimetric methodssed to monitor surface cleanlines$he only difference ishat when
“cleaning” is theobjective,rather thar'verifying” surface cleanliness, there is no needeep track
of used wipes.The surface is wipedintil a wiper appears clean under visual inspecttben atest
wipe is made twoerify surfacecleanliness. This is the standard metlfadcleaningduring ground
processing. Thenly exception is made for optical surfaces which may be damaged by direct contact
with a wiper. However, since the larger concerfor optical_surfaces is from particulates the
discussion of cleaning polished optics will be reexamined in 4.3.2.

4.3.1.2 Noncontact Techniques

As shown in Table 4-9, there arevariety of energy deposition techniguésit may be used to
“evaporate” molecular contaminants from surfaces. For the majority of these techniqeegrgye
absorbed byhe contaminant layer is rapidiiiffused throughouthe layerand therconducted to the
underlying surface. The problemtlsat theinter-molecular forcesVan der Waaldorces),are so
strong for molecular massekat techniques capable of removing molecules also damage optical
surfaces. These technique® not normallysed on solar arrays tiermal controkurfaces irthat
these surfaces may be cleaned via solvent wiping without damaging their finish.

Table 4-9. Noncontact techniques for removing molecular contamination.

Method Pro’s Con's Application
Thermal Heating Standard Method May not be 100% Ground Processing
Simplicity Effective & On Orbit
Charged Particle Beam Standard Method May Damage Finish Ground Processing

& On Orhit

Plasma Sputtering Can Remove all May Damage Finish Ground Processing
Contaminants & On Orhit

Laser Beam High Energy/Area; Wavelength Dependent Ground Processing
High Cross Section & On Orbit

4.3.1.2.1 Thermal Heating

The simplest method to stimulate evaporation of a condensed molecular $iimply thermal
heating. Connecting the opticarfaces to a heatand raising théemperature can beffective at
driving off much of the contaminants. This method camdexdduring groundprocessing oduring
on orbit operations. On orbit, heating of the optical surfaces may also be accomplisbedetnying
the vehicle to point inthe general directioaf, (butnot directlyat), the Sun. Thedownside tahis
technique isthat it is noteasily adaptable to cryogenic surfaces. Many IR fptahes require
cryogenic temperatures to operate properly. As discussedapter 2, theseold focalplanesoften
serve as “getters” for contamination. Thesetaminantsnay be removed Hyeating thefocal plane
to nearroom temperature, bahis impliesthat thesensor will not be usablturing the heating and
subsequent cooling periods and will require recalibration after the operation. dtbjectshe focal
plane to significant thermatresses. In theorthis practice can be repeatedodign as is necessary,
(on orbit degradation of signal intensitpuld indicate when “cleanings” are needed), but in practice
focal planes may usually only be cycled a few times before they are damaged and cease to function.

4.3.1.2.2 Charged Particle Beams

The effectiveness of charged particle beam, (electron or ion), cleaning of contaminated surfaces is
a function of many variables, including: beam species, beam energy,doegnt density, and
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contaminant! This technique hagroven effective for removing contaminants froraryogenic
surfaces, but one area of concern is the lack of a paarivledge ofthe beam intensitythat will
damage the underlying surface. Piper et. al repattheasource fluences should be at least 10 kW
cm®. Lower fluences allow the needed energy to be dissipated into the underlying surtheervi
conduction.

4.3.1.2.3 Plasma Sputtering

Plasma sputtering hdmeen shown to be affectivecleaning technique in many semiconductor
applications. In essence, accelerated gas aneprojected ontdhe contaminatedurface at low
pressure. The collisiori®tweerthe ionsand thesurface atoms result ithe ejection, or sputtering,
of surface atomshat are highlydependent on the ioenergyandflux. lon sputtering hagroven
effective atrmoving virtually any contaminant, butliasproven difficult to find an ion energjhat
will both: a) removehe contaminants, and leavethe underlyingsurface undamagéd. RF plasma
sputtering carremove contaminants without damaging metallic surfaces, provided a DC bias is
applied to the metal. This method has also been shown to remove water on 120 K surfaces.

4.3.1.2.4 Laser Beams

Both ultravioletand Infrared laser heating appearotier the opportunityfor contaminant
removal without optical damad@. Pulsed CQ lasers areefficient energy sources, (conversion
efficiency ~10%), andmany important contaminants, such as ice, are highly absorping at CO
wavelengths. CO2 lasers have proven capable of removing films in excess otlickymvhereas
Nd:YAG lasers are only useful on films < Orfim. This is dunction of contaminant absorptance. If
the contaminating layer iabsorptive tothe laser light, the filnabsorbsthe energyand can be
vaporized more easily. If the film is more transparent, (as isabe for Nd:YAG)much of the light
is absorbed bthe underlying substrate fuat the heating of thElm comes fronthermaldiffusion.

This is ineffective on thicker films. The semiconductor industry utilizes UV lasers in certain cleaning
operations. Contaminafgyersaretypically veryabsorbing at UV wavelengtl@denergy densities
on the order of 0.5 J cfrhave proven effective for cleaning mirrors.

4.3.2 Removing Particulates

Many of the methods utilized to clean molecular contaminatiay also be used to remove
particulate contamination. Solvent wiping, for example, is higfflgctive atremoving particulates.
Many of the noncontact, molecular techniques will alsrk on particulates. The “shock” of

" Fisher, R. F., George, P. M., Flammang, S. M., and Howard, T. L., “lon Beam Cleaning of
Contaminated Optics, SPIE Vol. 13Z9ptical System Contamination: Effects, Measurement,
Control Il, pp. 86 - 97, 1990.

George, P. M., Lindquist, J. M., and Hankins, M., “lon Beam Removal of Water and Dioctyl
Phthalate from Cryogenic MirrorsJ. Spacecraftvol. 27, No. 3, pp. 253 - 257, 1990.

Piper, L. G., Spencer, M. N., Woodward, A. M., and Green, B. D., “CROSS: Contaminant
Removal off Optical Surfaces in Space,” Rome Air Development Center, Interim Technical
Report, June 1987.

2shaw, C. G., “Contamination Removal by lon Sputtering,” SPIE Vol. 13pfical System
Contamination: Effects, Measurement, Controbip. 98 - 109, (1990).

13 piper, L. G., Frish, M. B., Pierce, V. G., and Green, B. D., “Laser Cleaning of Cryogenic Optics,”
SPIE Vol. 13290ptical System Contamination: Effects, Measurement, ContimblI110 -

126, (1990).

Osiecki, R. A., and Magee, T. J., “Ultraviolet Laser Cleaning of Mirrored Surfaces,” SPIE Vol.
1329,0ptical System Contamination: Effects, Measurement, Confqopll127 - 133, (1990).

Pierce, V. G., Frish, M. B., Green, B. D., Piper, L. G., Guregian, J., and Anapol, M., “Laser-
Mirror Cleaning in a Simulated Space Environment,” SPIE Vol. 1828ical System
Contamination: Effects, Measurement, Controblb. 134 - 140, (1990).
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absorbing energy from a charged particle beam or laser, for exarapleften dislodge surface
particulates as well. However, as shown in Table 4-10, where particulates mrieencern there
are other noncontact cleaning techniques availaBi®wersand Patton report thablvent wiping
will leave only 2 - 40 particles/cnf> 5pm), whereas spraying withigh velocity liquid jetsleaves 2

- 60 particles/c) andstrippable adhesive coatings leave ~ 508/mFor this reason strippable
adhesive coatings will be examined in the next section as a means of prevantiace
contamination, rather than as a means of cleaning a contaminated surface.

Table 4-10. Noncontact techniques for removing particulate contamination.

Method Pro’s Con’s Application
Shaking/Agitation Simple Not Effective on Ground Processing
Smaller Particles
Jet Spray Simple Not Effective on Ground Processing
Smaller Particles & On Orhit

4.3.2.1 Noncontact Techniques

The forcesadhering particulates to surfaceare ultimately electrical in nature. In an air
environment, the attractiierces between a [Im glass particland awafer surfacere estimated at
71% capillary (0.045 dynes), 22% van der Waals — London (0.014 dynes), 7% eldouidal layer
(0.003 dynes)and 1%electrostatic image (0.001 dynes). In general, particle adhfestes vary
widely with particle size, shap@end materiatharacteristics. Some particles may f#fl under the
influence of gravity, while others willemain attached under the influence of 1000 g's. In order to
clean particulates from a surface, an extefomde must be applied to the particulates in order to
overcomethe adhesivéorces. One method is to simply shake “contaminatedtievice sahat the
particulates are dislodged. The spacecraft will be subjected to significant vibtatiorg launch, so
prelaunch shake testings are amay to verifysystemintegrity as well as removeontamination.
This is also the reasothat launchtypically initiates particulate redistribution within the launch
vehicle shroud. Ultrasoniand megasonic agitation methods aften used inthe semiconductor
industry, but these are obviously unsuitable for bulk cleaning of assembled optics.

Another noncontact cleaning method is to simgtyw air, or otherfluid, across the surface. |If
the sheafforce exceedshe adhesioforce holding the particle, the particle will bemoved and
suspended in the turbulent fluid. Increasing the ftlédsityand local velocity,and lowering the
fluid viscosity, increasethe effectiveness ofhis cleaning method. In general, liquids anere
effectivethangases. Ninety percent cleaniefficiencies associated withe removal of 1um-sized
particles have been reported for > 150 psi cold gas®efushing or blowing withow pressure gas
is largely ineffective due tthe surface adhesioforces involved. Pressuresquired toremove
particles vary as 1/D, making particulates smal@n0.5 um extremely difficult to remove. GQet
spray techniques have been used in commercial applications fortsnejeandalso prove to be
effective aremoving surface particulatéS.The expansion of liquid CQwill produce a C@ “snow”
which can transfer momentum to surface particulates, disloding and swéegimoff of the surface.

4 Stowers, I. F., and Patton, H. G., “Techniques for Removing Contamination from Optical
Surfaces,'Surface ContaminatiorK. L. Mittal, Ed., pp. 341 - 349, Plenum Publishing, (1979).

5 Feicht, J. R., Blanco, J. R., and Champetier, R. J., “Dust Removal from Mirrors: Experiments and
Analysis of Adhesive Forces,” SPIE Vol. 9&tray Light and Contamination in Optical Systems
pp. 19 - 29, (1988).

18 Haffner, J. W., and Wang, J. J., “Dust Removal from Mirrors,” Rockwell International, SSD-785-
240-005-87, 30 September 1987.

" Motyl, K. M., “Cleaning Metal Substrates using Liquid/Supercritical Fluid Carbon Dioxide,”
NASA Tech Briefs, MFS-29611, 18 March 1979.

Peterson, R. V., and Bowers, C. W., “Contamination Removal by CO2 Jet Spray,” SPIE Vol. 1329,

Optical System Contamination: Effects, Measurement, ConfnaplI72 - 85, (1990).
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Postcleaning inspection indicatékat thismethod should be capable of cleaning a surfacbtmit
level 250. While thesprocesseare adaptable to on orbit operations, these cleaning techniques are
mainly used during ground processing.

4.4 Maintaining Surface Cleanliness

4.4.1 Storage

Any time thatclean components are not beipgocessed, they should be covereith an
antistatic bag in &lass 100,00@r better cleanroom. During extended storagesyiséem should be
connected to aair, or preferably drynitrogen, purge supplied to the interior of the bag at a slight
positive pressure relative tthe surrounding area. This will prevent particulates or other
contaminants from entering thenclosed atmosphereThe air(or nitrogen) should be filtered by
HEPA filters, or betterand contain naetectable hydrocarbons. Optical components must be
similarly protected in &€lass 100environment unlesdoubly protected, e.g., under purge or inside a
spacecraft housingndbagged. Extremely sensitive optics may need to conthmigurge up until
launch, oreventhroughearly on orbit operation$. Temperature and humidity should be controlled and
monitored.

Optical devices may biirther protectedhrough theuse ofstrip coating materialS. The strip
coating is poured on the surface as a viscous liquid and will dry within a matter of hours. The coating
will then protect the underlying surface until it is removed. Tlsége coatings wiltypically leave a
small residue of molecular contaminants behind, but tcaally mitigate other contamination
concerns while they are in place.

4.4.2 Transportation

Precision cleaned partsyubassemblies, assemblies, etc., shouldbbbly protected with bags or
suitable containers fahipping. Relative humidity should be 50%aximum. Desiccantsyitness
plate, andemperatureand humidity monitors should be used as requirgkhy air supplied to the
interior of the shipping container, should be filtered with HEPA filters, or better. Prior to entry to the
cleanroom, the shipping container should be cleamedtheouter protection examined for integrity.
The package shoulthen be brought to a clean anteroatmere the outer enclosure will bemoved
and the cleanliness of the inner wrapping checkady discrepancies should be noted and resolved at this
time..

4.4.3 Accident Recovery

A note concerning accidents is appropriate here. While extreme precautions arellveved
to limit the contamination of optical sensors from design through on orbit operat@nsthought
must be given to recovery from accidents. Such accidents may be as benign as a cleanroom which has
filters that have not been changed as scheduled, or as catastrophic as the dropping of the sensor onto a
concrete floor. All accidents hawbe potential tproduce contaminatiorgspecially particulate
contamination, and must be minimized through proper contamination control proceduresthéyhen
occur, accidents should be documented so that the proper recovery plans can be made.

4.5 Launch Processing

Years of careful prelaunghlanning andesting can be renderedeless ithe propeiprocedures
and cautions are nofollowed atthe launch site.Specific processing procedures for edabnch
vehicleare different, with the timbetweenshroudcloseoutand launch, thavailability of purge in
the shroud, and nominal shroatbanliness being some tife variableshat must be examined. If

18 Scialdone, J. J., ,"Abatement of Gaseous and Particulate Contamination in a Space Instrument,”
AIAA 83-1567, (1983).

Fine, J., and Pernick, B. J., “Use of Strippable Coatings to Protect and Clean Optical Surfaces,”
App. OpticsVol. 26, No. 16, pp. 3172 - 3173, 15 August 1987.
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standard procedures are not sufficient, the contamination control engineavartustith the launch
vehicle provider to ensurthat theproper environment is maintaine@®ecause it is one @he most
well-studied examples, the specific cas¢hef Shuttle Orbiter is examined in the sectithra follow.
These sections provide an example of a tygmahch processinfow, along with theassociated
cleanroom environments, and early on orbit contamination environments.

4.5.1 Eastern Test Range Shuttle Processing Facilities

While each Shuttle payload is serviced inowen pre-launch facilitiesthey all pass through the
Shuttleaccess platfornbeforeinstallation in the Shuttlpayload bay. These facilities usually have
class 100,00@ir, Figure 4-6andFigure 4-7, respectively. Measurements of particle fallout in these
facilities show a relatively large fraction of big particles, Figure 48wever these big particles are
more readily removed Igteaningthan aresmall particles.Theyare also morékely to be dislodged
by the launch environmenhan aresmaller particles. Lastly, they dwt account for as large a
fraction of obscured area as smaller particles, which are more numerous.
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Figure 4-6. Prelaunch shuttle access platform air cleanliness.
(m-3) Particle Concentration (ft3)
1 [ 100,000
F s 5
10,000 10
) ~
J 10° & ~
£ .~ 1000 > 10
c
[ 105
g - 100 10°
¢ [ .
S 100 ™~
a £ N
g 0 102
: [
10° ¢
i 10t
102 - - ‘
101 100 10! 102

Particle Diameter ( pum)

Figure 4-7. Prelaunch shuttle bay air cleanliness.
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Figure 4-8. Measurement of surface particles in Eastern Test Range (ETR) facilities.

The story for other launch vehicles will be similar, but will vary depending ospbeficlaunch
processing environment. Each launghicle has different rules abouthe minimum timdrom
shroudcloseout tdaunch, the availability of filtered purge within the shroadd so on.Despite the
best laid plans, nature is alsoapable of introducing uncertainty into an otherwise controlled
situation. When the Mai®bserver spacecraft was the launchvehicle atthe launch pad, the area
was struck by a HurricaneThe galeforce winds forced humiditand debris into the shroud and
forced NASA toreturn thespacecraft to thewunch processintacility for a thorough cleaningefore
launch operations could resume.

4.5.2 Early on Orbit Contamination Environment

The launch inducedurface particle levels must be added, on an obsewezdbasis, to the pre-
launch surface particle levels. For the Shuttle these have been two sets of measurements of the launch
induced contamination in the cargpay. The Passive Optical Samplassembly (POSAlnd the
Induced Environment Contamination Monitor (IECR). The POSA consisted of witness plates,
some of which faced upwardlring launch, while the IECMonsisted of various sensors including
QCM's which did notalways work. The cargday liner was not in place for any of these
measurements. THROSA measurements suggest a 600 particle leviloamontal upward facing
surfaces, while the IECM date approximate a &a@l. Both sets of measurements show a flatter
particle size distributionhat thanpredicted by MIL STD 1246C. It is reasonably conservative to
assumehat a launch in the shutt@rgobaywill produce a 600 particle level dwrizontal facing
surfaces and a 325 level on vertical surfaces. (Keepingrid that the Shuttle is standing on its tall
when launched.) Both tHrROSAandIECM experiments indicated a molecular level A fioe NVR
deposited. Many dhe observed outgassed species were common solvents udednmgprocesses
and appear to be from spacecraft-related sources.

20 Miller, E. R., “STS-2, -3, -4 Induced Environment Contamination Monitor (IECM) Summary
Report,” NASA TM-82524, February 1983.
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